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ABSTRACT

Vibration control is a very importantissuein satellites. The nev high-resolutiondigital
imagingdevicesareespeciallysensitve to vibrations.Antennasusedin lasercommunicationglso
requirea very quietervironmentso thattheir performances not degraded. The Stevart platform
is capableof isolatingan optical payloadfrom the noisy spacecrafbus. Until recently only pas-
sive methodswere usedin all vibration isolationapplications.Recentadwvancesin Digital Signal
Processingechniqguesmadethe developmentof vibration control algorithmspossible,but these
usuallyrequirelarge computationabower. This work exploresusing a computationallyefficient
vibration-isolationmethodfor optical payloadshy usinghexapods.The methodsuppressethe vi-
brationatthe assignedrequenciesanddoesnot affect unassignedrequenciesf the plantis linear
The mathematicahnalysisincludescorvergenceanalysisandthe effect of unassignedrequencies
in the output. The computationatequirement®f the algorithmis evaluatedandis comparedo the
Multiple-Error LeastMeanSquare.The methodis very robustto nonlinearitiesjts performancas
comparabldo the Multiple-Error LeastMeanSquarewith afractionof the computationatime and
memoryrequirementsAlso it requiresvery little plantknowledge. Theoreticaresultsareverified
throughsimulationsusinga Single-Input/Single-Outgplantanda nonlinearhexapodmodel. The
controllerwas also experimentallyvalidatedin two differenthexapodsand the performancewas
foundto besimilar to or betterthanthe performancebtainedwith the Multiple-Error LeastMean

Squaremethodwhenanoisyreferencesignalis used.
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|.INTRODUCTION

A. THEVIBRATION ISOLATION PROBLEM

Althoughthevibrationcontrolproblemhasbeenstudiedfor alongtime, it recevedincreas-
ing attentionaftertheadventof submarinesThe mainpurposeof a submarines to travel unnoticed
andthenoisegeneratedby its severalsubsystemsandefeatits purposemakingits localizationand
identificationeasier As aresult,thestudyof noiseandvibrationreceved muchattention especially

duringthe Cold War whenseveraltechniquegor noiseandvibrationisolationweredeveloped.

During the sixties, spacestartedbeing consideredas a very stratgic areaand imaging
wasamongthe mary applicationgthatfound their way to the military spacecraftDuring thefirst
decade®f spacemaging,vibration wasnot asimportantasit is today becausef the limitations
of theimagingsensorsvailableat thattime. Nowadayssatellitesarelarger and have muchmore
rotatingmachinernthanin recentpast. Amongthevibration-generatig devicespresentn therecent
satellitesarelarge appendagesyhich snapwhenenteringor emeging from aneclipse solarpanels
thatrotateto trackthe sun,cryocoolerspumps reactionwheels,controlmomentungyros(CMG),
reactionjets and magnetictorquers. The vibrationsproducedby theseelementsjf transmittecto
theimagingdevice, candegradeits performanceppreciablyFigure1l.1shavs anexampleof such

degradation.

At the sametime, the electronicindustry hasmadeastonishingadwancesin imaging de-
vices. Resolutionis now much higherthanit wasa few yearsago, and nev optical techniques
producelensesandmirrors with lessdistortion,generatingsharperimages.Evenwhendistortions
are presentthe imagescanbe post-processedn the ground,using the latestadwancesin image-

1
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Pristine
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Figurel.1. Jitter Effecton animagingDevice (From[1]).

processingechniquegdo enhanceghem. One famousexampleis the sphericalaberrationon the
Hubbletelescopes original primarymirror. Usingimageprocessingechniquesthetelescopeould

still be usedwhile the mirror wasbeingupgraded[§

The mostcommoncausefor vibration-inducedmagedegradationis dueto vibrationspro-
ducedelsavhereandtransmittedhroughthe satellitebusto theimagingdevice. Isolatingthe noisy
environment,dampeninghe structureor isolatingthe instrumenttself by usinganisolatingmount
(seeFigurel.2) canreducethis type of vibration. The vibration canalsobe producedon the quiet

sidewhenmaoving parts,suchascryocoolersmustbe mountedascloselyaspossibleto the sensaor

Passve methodsareusedin mostvibration-controlandvibration-isolationmplementations
for several reasons:ithey arerohust; they do not consumeelectricalpower; they arevery reliable
andthetechnologyis mature.Passve approachesanbe appliedto mountsthat preventthe vibra-

2
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Figurel.2. TheVibrationlsolationProblem(From[1]).

tionsto propagateo or from the spacecrafbus or to increasahe dampeningf a larger structure.
Unfortunately passie approachedo notsolve all vibrationproblems.

Whenavibrationisolationmountis used thevibrationhastwo mainpathsto migratefrom
the noisy to the quiet side: the vibration isolation mediumandthe umbilical. Eventhoughit is
possibleto designvery soft passie mountsto preventing the vibration to propagatehroughthe
mount, prevent the vibration from propagatinghroughthe umbilical is impossible. In the same
way, passve isolationapproachesareincapableof suppressinghe vibrationgeneratean the quiet
side. This is especiallyimportantfor infraredimagingfor which the sensomustbe cooledanda
cryocoolermustbe placedascloselyaspossibleto the sensoiin orderto increasdts performance.
Passve solutionscanonly performvibrationcancellatiorin certaincases.

Disturbanceisolation, also called “vibration suppressioh,is the suppressiorof periodic
disturbancesThesedisturbancesreusuallygeneratedy rotatingmachineryandappearaslines
in the frequenyg spectrum. Theselines have a power contentmuch higherthanthe background
vibrationnoise. If thefrequeng is known andfixed, TMDs (tuned-masslevices)canbe used,but
their placemenbn the structureis critical. ThusTMDs arenot usuallysuitedfor isolationmounts.
Active methodscandealwith frequenciesiot known a priory or with frequenciedluctuating,and
the placemenbf theactuatorss not ascritical aswhenusingpassve methods.

3



B. ACTIVE VIBRATION SUPPRESSION

Sincemeetingthe requirementsisingpassie-only solutionsis becomingncreasinglydif-
ficult, active solutionshave beenpursued Currentresearchndicateshatthe mostviable solutionis
theuseof agenericlocal vibrationisolatorthatcombinesoth passie andactive isolation. Among
the several approachesested,the mostpromisingis the Stevart Platform[7], which cangener
ateforce andtorquein ary direction. It alsoexhibits good stiffnesspropertieg2] with actuators
muchsmallerthanthoseneededvith serialmanipulatorsTheneedfor localizedvibrationisolation
promptedthe developmentof the VibrationIsolationand SuppressioBystem(VISS) [8, 9, 3] and
the SatelliteUltraquietlsolation TechnologyExperiment{SUITE) [10].

A hexapodhascomplex dynamicsanda detailedmodelcan be quite complicated. Even
if aperfectmodelis developed,spacemissionsusuallydo notallow the opportunityfor scheduled
maintenancen orderto repairagingor failedsystemsandthussystemdentificationmaybeneeded.
Forthisreasonall vibrationcontrolwork foundin thereviewedliteratureusessomesortof adaptive
method.This approachmalesit possibleto compensatéor modelimperfectionsandaging.

Sincethe hexapodsare multiple-input/multiple-atput (MIMO) systemsstrongly coupled
[11], expectingthatthe bestperformanceanbeobtainedoy usingMIMO controllersis reasonable.
Somemethodsareavailablefor MIMO plants,suchasMultiple-Error LMS[12], ClearBox [13, 4]
andRepetitve Control[14, 15]. Unfortunately the computationalesourceswvailablein satellites,
limit theuseof thesemethoddor vibrationisolationof optical payloads.

Oneimportantcharacteristicommonto all hexapodsusedfor vibration isolation as de-
scribedin the literatureis the useof smartstruts. All of them have six identical strutswith an

actuatorand a vibration sensorembeddedgeophoneor accelerometer)meaningthat using one



independensingle-input/sinkg-output (SISO)controllerfor eachstrutis possible.This approach,
while simple,haslimitationsfor a systemasstronglycoupledasa hexapod,andmixedresultshave

beenachieved[11, 16].

Eliminating the requiremenbf having a MIMO controllerdoesallow morechoicessince
severalvibration-suppressn algorithmswerenever extendedto the MIMO case.In 2000,Kuoand
Morgan[17] presentedninterestingreview of someof thevibrationisolationalgorithmsavailable
and, thenclassifiedtheminto “reference-basedand“syntheticreferencé. The first groupusesa
referencesignalcorrelatedwith the disturbancevhile the secondone usessomeotherinformation
to generatean internal referencesignal. The “synthetic reference’group containsis one set of

controllerscalled“notchfilters”

Notchfilters have several propertieshatarevery attractve for vibrationisolationin satel-
lites. First, no externalsignalis usedasa reference.Sinceextra informationaboutthe frequeng
is givenor generatean-the-fly the frequeng informationcanbe usedto generatea syntheticref-
erence.This eliminatesthe requiremenof having anadditionalsensagrat the expenseof requiring
additionalinformationto generatehe referencesignal. Anothercharacteristiof this classof con-
trollers is that excellentresultscan be achieved for suppressingibrationsgeneratedy rotating

machineryalsocalledtonaldisturbances.

Among the controllersfound in the reviewed literature,the one usedin 1998 by Bertran
andMontoroin [18] (basedon thework presentedby Kuo andMin in 1995[19]) requiredtheleast

amountof computationaéffort is

This controlleris quite simpleanddoesnot usethe modelof the plantexplicitly. Although
this controlleris very simple,thereviewedliteraturedid notmentionthis controllerbeingappliedto
MIMO systemsegespeciallyon hexapods.In addition,no extensionof MontoroandBertrans work
for MIMO plantswasfound. More important,no stability analysiswasfoundin theliteraturethat

5



considersa genericplant. However, suchanalysisis essentiato meetthe high-reliability require-
mentsof spaceapplications.Anotherdravbackis thatthe methodrequiresthe knowledgeof the
frequeng to be suppressedOtherfrequenciesould be presenbn the errorsignalandsomeinter-
ferencecanoccur This possibility mustbe addressedf this controlleris to beimplementedn an

actualspacesystem.However, this problemhasnot yetbeenaddresseth theliteraturereviewed.

Althoughmucheffort hasbeenspentondevelopingvibrationcontrolandisolationmethods,
our examinationof the literaturerevealedthat no one hasevaluatedthe computationakffort that
eachmethodrequires.Consequentlya costanalysismustbe developedandthevibration-isolatio

methodselectednustbe comparedo the Multiple-Error LMS implementation.

Finally, most modelingwork done on hexapodswas from a robotics perspectie, using
directandinversekinematics.Li andSalcudeampresenteé modelfor a hexapod,but assumedhat
the dynamicsof the actuatorsare negligible [20]. Lebret,Liu andLewis derived a very complete
modelfor a hexapodstartingfrom the enegy approachbut unfortunatelythe geometryassumedhn
their work doesnot apply to the hexapodsavailable at the Satellite Reseath and DesignCenter
eachpair of actuatorsvas connectedo the top platethrougha singlejoint. In 1991, Fujimoto,
Kinoshitaetal. dervedamodelfrom theroboticsperspectie [21], but assumedhat“the joint does
notmovein highspeed, preventingits applicationfrom beingusedfor vibration-isolatiorpurposes.
A completemodelof the hexapodsuitablefor simulationsis neededn orderto studythe effectsof
themultiple-input/multipé-autput (MIMO) natureof thehexapodwithouttheinterferenceof actual

hardwareimperfections.



C. PROBLEM STATEMENT

The goal of this researchs to studya computationallyefficient algorithmthat meetsthe
vibration-isolationrequirement®f optical payloadsusinghexapods. The methodneedsto be tol-
erantto nonlinearities mustrequiresignificantly lesscomputationafresourcegshanthe Multiple-
Error LMS implementationandthe methodmustperformcomparablyto the Multiple-Error LMS

method.Additionally, the methodmustbe ableto dealwith multiple frequencies.

A stability analysisanda studyof theeffect of uncontrolledrequenciesnustbeperformed.

Theresultsmustbe validatedon simulationsandexperimentally

Finally, the computationatostof boththe proposednethodandthe Multiple-Error LMS
approachmust be derived and must be comparedin order to verify if the proposedmethod
achievesthedesiredyoalof significantlyreducingthecomputationatostoverthereferencenethod

(Multiple-Error LMS).

D. OVERVIEW

Chaptenr presentghe vibration-isolationproblem,reviews the literatureandstateshere-

searclobjectives.

Chapterll describeshetwo differenthexapodsusedto performthe experiments.

Chapterll providesa detailedstate-spacenodelof the PrecisionPointingHexapod. This
modelallows thedesigneto derive someimportantpropertiesof the plantandis usedto implement

adetailedsimulationprogram.

ChapterlV presentghe Adaptie DisturbanceCancellermethod,dervesthe stability cri-
terion, and studiesthe methods performancevhenmultiple frequenciesare present.Simulations
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areusedto validatethe mathematicatesultsusingboth a SISO plantandthe modeldevelopedin
Chapterll.

ChapterV derives and compareghe computationalrequirementdor both the Adaptive
DisturbanceCancellerandthe Multiple-Error LMS approachaswell asdervesandcompareshe
correspondingnemoryrequirements.

ChapterVIi validatesthe resultsexperimentallyby usingthe two hexapodsavailableat the
SatelliteReseath and DesignCenter at the Naval Postgraduat&chool. A comparisorbetween
the Adaptie DisturbanceCancellerandMultiple-Error LMS is alsopresented.

Finally, ChapteNIl presents&summaryof thework andconclusionandsomesuggestions

to overcomethe mainweaknessesf the Adaptive DisturbanceCanceller.



|I. HARDWARE DESCRIPTION

A. OVERVIEW

The Stewart platform, alsoknowvn asa “parallel manipulatof wasintroducedby Stewvart
in 1965[7 andis composedf two platesconnectedy some(passie or active) links. Oneof the
platesis consideredo bethe referencgbase)andthe other(top) is the onefor which the attitude
andpositionareto becontrolled.A diagramof suchaplatformis shavn in Figure2.1. Theplatform
canbecontrolledby changinghelengthof thelinks. It canbeshawvn thatin orderto getsix degrees
of freedom,oneneedsat leastsix actuatedstruts. Onecanalsoverify thatmorethansix actuators
will notincreasehenumberof the DOF of themanipulator(differentlyfrom theserial-linked case).
The hexapodshave severalinterestingcharacteristicspamely high stiffnessandreducedsize and
weightwhencomparedo serial-link manipulators.A comprehense studyof hexapodsandtheir

characteristiceanbefoundin [2, 22, 23, 24, 25, 26].

Figure2.1. HexapodView in 3D (From[2).



SectionB describeshefirst hexapodavailableatthe SatelliteReseath and DesignCenter
theUltra-QuietPlatform. This hexapodis equippedvith highbandwidthpiezoelectriandsensitve
geophonesensor®on eachstrut.

SectionC detailsthe PrecisionPointing Hexapod,which haslong strole actuatorsandis
capableof pointing and can simultaneouslyisolatevibration. Sincethis hexapodis modeledin

Chaptetll, it is describedn moredetail.

B. ULTRA-QUIET PLATFORM

This Ultra-QuietPlatform,shawvn in Figure2.2, wasconcevedfor vibration-isolationpur-
poses. It follows a cubic configuration(seeFigure 2.3) in orderto minimize the cross-coupling
amongthe struts[27]. The hexapodrestson a satellitebus mockup(Figure 2.4) wherethe distur
bancesourceis mounted.The whole structureis mounted with rubbervibration suppressorsyn a

Newport RS4000floatingtablein orderto provide isolationfrom the ambientvibrationnoise.

Figure2.2. Ultra-QuietPlatform.
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Figure2.3. Cubic Configuration(From[3]).

The Ultra-Quiet Platform struts are equippedwith piezoceramicstack actuators(PZT).
Theseactuatorshave a very large bandwidth (resonancepeak around1.2KHz) and a displace-
mentof £50um which is adequatdor vibration control. The power to the actuatords provided
by a PCB Piezotobnics 790A06 amplifier (:200/ at £100mA). Eachsmartstrutis alsoequipped
with a GeospacésS-11Dgeophonewhich measuredinearvelocity. Thesesensordiave a natural
frequenyg of 14Hz with a dampingratio of 0.8. The signalconditioningis provided by the CSA
EngineeringActive Vibration Control Systen{AVCS). The fixtureshave passie isolationbuilt-in,

which providesdampingin serieswith the actuators.

Thedisturbanceourceproducesicceleratiomparallelto the z-axis,asdefinedin Figure2.1.
It usesan Aura BassShaler (AST-1B-4,25V), andit is mountedon top of the mockup,below the
bottomplate of the hexapod. The shaler signalis producedby a DSPboardandis amplifiedby a
DC power amplifier(KepcoBOP 20-10M).

The implementationof the algorithmis madeon a dSpaceAlpha Combo This system
comprisesa DS1103andanAlphaBoard. The AlphaBoard is poveredby a DEC Alpha500MHz
processomwith 2MB of RAM. The DS1003boardactsasa slave 1/O boardand containsa Texas
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InstrumentsTM320C40processorunningat50MHz and512Kb of memory Thesetupis shavn in
Figure2.4. Thecontrollerrunson the AlphaBoard, while all thel/O functionsareexecutedon the
DS1003voard.

All thel/O areperformedat 10* sanples/s while the controlleranddisturbancegenerator
run at 10°sanples/s. Sincethereis not appreciablgoower contentson the measurementabore
2KHz, anti-aliasindfilters wereimplementedy oversamplinghe measurementd 0KH2z), passing
themthroughaChebyche (typel, cornerat200Hz, 3" order)andfinally dovn-samplingheoutput
of thefiltersto 10° sanples/s.

The outputsof the controllerare up-sampledo 10*sanples/s andthen low-passfiltered
by atype| Chebyche filter in orderto smooththe outputsentto the actuators.The disturbance
signalreceved the sametreatment.Filtering, A/D sampling,D/A corversionsandcommunication
betweerthe controllerandthe hostPCoccurin the DS1003board.

The code is implemented, compiled and downloaded to both boards through the
dSpace/MatlalReal-Time Workshopervironment. The actualcontroller aswell asthedisturbance
generataqris custom-codedh C. Thesetasksareaccomplishedy usinga hostPC, anIntel-based
P-11l Dell DimensionXPS 600MHz. The samehostPCis alsousedto collectall therelevantdata
producedduring the experiment. The dataarethencorvertedinto Matlab’s proprietaryformatfor

storage.
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C. PRECISION POINTING HEXAPOD

The mainlimitation of the Ultra-QuietPlatformis its small stroke, which preventsit from
beingusedfor steering.In orderto evaluatethe possibilityof performingbothpointingandvibration
isolation,a hexapodwith alongerstrole is neededTo addresshis need the SatelliteResearh and
DesignCenteracquireda nev hexapod: the PrecisionPointingHexapod,from CSA Engineering,
Inc.. The platformis designedo allow both vibration control and pointing. In orderto achiere
the large stroke required,the PrecisionPointingHexapodusesvoice-coil actuatorswhich provide
+5mmtravel. Accelerometergaremountedinline to provide vibrationinformation. The platform,

asdeliveredby CSA EngineeringJnc., is depictedn Figure2.6.

Thishexapodwasselectedor modelingbecausé hasalargerstrole. This hexapodwill be
usedfor pointingresearctasfor well asvibration-isolationresearchandthusanaccuratenodelis
neededA completestate-statenodelis aninvaluabletool for testingnew algorithmsbeforeimple-
mentingthemon the actualhardware. In orderto have the modeldeveloped,a deepunderstanding
of thehardwareis neededandthereforethe descriptiorof the PrecisionPointingHexapodhardware

is moredetailedthanthe understandingeededo simply operatet.

1. Actuators

This platformis well suitedfor positionandvibrationcontrol. Theactuatorsmmanufctured
by Moltran Industriesnc. (modelAFX 70N), have a strole of morethan+5mmandcanprovide
more than 2.5° of tilting and 10° of twisting. The actuatorscandeliver up to 40N of dynamic
forceandupto 70N of staticforce, beingadequatdo control large levels of vibration. The most
importantcharacteristicsrom Moltran’s datasheetareshavn on Table2.1 anda pictureof oneof

theactuatorsasmountedcanbe seenn Figure2.7.
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Figure2.6. PrecisionPointingHexapod.

Figure2.7. ActuatorandAccelerometer.
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Value Units
Model Axial ForceTransduceAFX 70N -
Forceat 400\pc, coil at 25°C 100 N
Forceat 400\ mssine Coil at25°C 70 N
Forceat 400\pc, coil at 140°C 70 N
Forceat 40M mssine Coil at140°C 50 N
Gainatthe Origin 17.5 5
Gainat +=5mm 15 %

Table2.1. ActuatorSpecifications.

The actuatorsare poweredby a custompower supply provided by CSA EngineeringJnc,
composedy six independenswitchinginvertingamplifiers(switchingfrequeng of 29KHz). The
amplifier hasnegative gain (—1) and acceptsa voltagein the range+4V on the inputsthrough

coaxialcables.Theoutputsof theindividual amplifiersaredirectly connectedo the actuators.

2. Accelerometers

The PrecisionPointing Hexapodis equippedwith six accelerometergKistler, 8304B2
K-Beam mountedinline with the strut’s axis, asseenin Figure 2.7. Theseaccelerometerbave
arangeof +2g andarelinear over the range0O to 200Hz The main specificationsare shavn in

Table2.2.

3. Distur bance Gener ator

A vibration sourceis provided in orderto simulateperiodicdisturbancesThis is accom-
plishedby usingan Aura BassShaler AST2B-4 mountedon a customadapter The shaler charac-
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Value| Unit

Range +2 g
Sensitvity 1000 | mV/g
Frequeng Response:5% | 300 Hz

Resolution 0.1 | MGms

Table2.2. AccelerometeSpecifications.

teristicsareshowvn in Table2.3. The shaler adaptershavn in Figure2.8, allows vibrationsalong

thez-axis,x-y axis(asdefinedn Figure2.1),twist, tip andcombination®f theprevious. Theshaler

canalsobe mountedon thetop plate,producingvibrationalongthe z-axis.
Thesignalthatdrivestheshaleris producedy theDSPcontrollerandsentto anAC power

amplifier SonySTR-DAmplifier. The outputof theamplifieris connectedo theshaler.

4, Floating Table and Environment | solation

Thewhole platformis soft-mountecbn a Newport Stabilizef M laminarflow isolator pre-

ventingthegroundvibrationfrom interferingwith theexperiment.In orderto maximizetheshaler’'s

Figure2.8. BaseShaler Adapter.

18



Value | Unit
Model AST-2B-4
MagnetType ceramic
Pawver Rating 50 W
Force,Nominal,at Resonance 132 N
Weight 1.125 Kg
Resonancé&requeng 42 Hz
Frequeng Range 20-100 Hz

Table2.3. Shaler Specifications.

efficiengy, thelower plateis mountedonthe NewPorttableusingvery softrubberpads.Sincethese
padsflattendueto the hexapods weight, they arereplacedbeforeeachsetof experimentso ensure

the highestdegreeof isolation.

5. Electronic Support

Both the power supplyandthe anti-aliasindfilters areimplementedn the “Control Box.”
This box accumulateshe functionsof power supplyfor sensorsshockdetector emegeny shut-
down, signalconditioningandanti-aliasingfilter andnoisesuppressorFigure2.9 shavs the main

functionsimplementedn the Control Box.

Power is provided by a customoff-the-shelfpower supplythat provides+5vV and +£12V,

which arethevoltagesthatboththe box’s electronicsandthe sensorsieed.

The accelerometerareconnectedy a standarddB25 connectorthat providesthemwith
+12V andground. It alsorecevesthe accelerometes’signals(= 1V /g), which are sentto the
anti-aliasingfilters.
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Figure2.9. ControlBox Main Functions.

A samplefrom the signalfrom the acceleromete#l is sentto a window comparatar The
normaloperatiorof the hexapodshouldnotexceed+t2g, whichis therangeof theaccelerometerst
thetop plateof the hexapodexceedst2g, theaccelerometes’outputvoltagewill beeithersmaller
than0.5V or largerthan4.5v andthusa shockis consideredo have occurred.In responseo this
condition,adedicatectircuit will disconnectheactuatoranddisturbanceamplifiersfrom the110V
rail, cutting their power supply The power canonly be restoredby pressinghe resetbutton. The
sameeffect canbe obtainedby pressinghe panic button. This mechanismnis essentiato presere

the hexapodintegrity if the controllerbecomesinstablegespeciallyat lower frequencies.

The anti-aliasingdfilters are implementedas fourth-orderswitched-capacitoButterworth
filters. The cornerfrequeny canbe adjustedby changingthe frequeng of the oscillatorby means
of a potentiometer The cornerfrequeng is definedas f. = fys¢/50. Sincethis is actuallya dig-
ital filter (althoughit is implementedwith analogcomponents)pne mustensurethatthereareno
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frequenciesbore f./2 whenselectingfose. The cutoff frequeng wasselectedat 50Hz dueto the
strongnonlinearities. The filtered measuremerdignalsarethensentto a connectionpanelwhere
10nF capacitorsareusedto reducethe noiseevenfurther Thosecapacitorsaareneededo prevent

the ervironmentnoisefrom corruptingthe measurements.

6. Controller and Host Computer

The hexapodis controlledby a dedicatedPowerPCbasedboard(dSpaceDS1103, which
is installedinside the host PC. A connectionpanelis attachedo the boardand providesall the
externalcommunicatiorwith the board.Therelevantinteractionsareshovn in Figure2.10.

The hostcomputeris a PC Dell DimensionXPST50Q The controlleris implementedoy
usingdSpaceand Mathworks$ Real Time Workshop All filtering, disturbancegeneratiorand1/O
operationsgireimplementedvith Simulinkblock diagrams.Theactualcontrollaws areimplemented
in eitherC or Simulink All the dataloggingis performedusingdSpacés Control Desk which al-

lowsthedesiredvariableso bestreamedo disk andthencorvertedto Matlab's proprietaryformat.
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1. MATHEMATICAL MODEL

A. OVERVIEW

This chaptempresentshe developmentof a mathematicaimodelfor the PrecisionPointing
Hexapodsuitablefor vibrationsimulationandcontrol. This modelenablegestingof differentcon-
trol laws without having to implementthemin the actualhardware,andthusenableghe engineer

to evaluatethe actualinfluenceof eachparameteon the controllerperformance.

SectionC liststhe symbolsusedin thederiation.

e SectionD derivesthe equationsisedby the modelstartingfrom themomentunconseration

equationsaccordingto the Newtonianformulation.

e SectionE describeghe Euler anglesandEuler Parametersexplaining why the Eulerangles

wereselectedor the hexapods model.

e SectionF modifiesthefree-bodyequationgo take into accounthefactthatthe forcesacting

onthetop plateareassumedo actonly on thejoints.

e SectionG incorporatesheactualactuators model.

e SectionH providesthemeasuremergquationsandthuscompletegshe model.

B. INTRODUCTION

Controllingasystenrequiresknowledgeof its behaior. A controlsystenmayevenoperate
without a priori knowledgeof the system but it mustbuild this informationover time to perform

successfullyasin the adaptve case. Evenfor adaptve controllers,a good modelof the plantis
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importantin orderto provide adequatgarametrizationAnotherreasorfor a mathematicamodel
is givenby thenatureof themeasurementsjncethey areusuallynotthequantitiedirectlyinvolved
in therequirementsin fact,the desiredmeasurement®r the platformareroll, pitch, yaw andthe
angularandlinearaccelerationsNoneof thesequantitiesaremeasuredlirectly by thesensorsthey
arerelatedto the sensordy a mapping,which canbe staticor dynamic.

For the particularproblemof the hexapodsubjectof this researchlinearandangularac-
celerationscan be statically derived from the acceleratiorof eachjoint of the moving plateasa
lineartransformationHowever, angularpositionsg, 6 andy (roll, pitchandyaw) arerelatedto the
accelerationby differentialequationsTo provide estimate®f thedesiredvariablesamodel-based
technique suchasthe KalmanFilter, hasto beimplementedThe performancendreliability of its
resultsareasgoodasthereliability of the mathematicamodelof the system.

The restof this sectiondescribesn detail all the stepsinvolved in the modelconstruction
andpresentsheresults.A detaileddescriptionof how theequationsverederivedis veryimportant

sothatthe samemethodologycanbe appliedto derive modelsof otherhexapods.

C. LIST OF SYMBOLS, NOMENCLATURE AND DIMENSIONS

The PrecisionPointing Hexapodwas presentedn Sectionll.C andonly relevant details
areincludedin this section.The basicgeometryof the platformis shavn in Figures3.1and3.2. A
hexapodis geometricallydefinedby its 12 joints (six upperjoints andsix lowerjoints). Theoriginis
definedasthe geometriacenterof thesix upperjoints whenthe platformis atrestwith theactuators
atmid-coursgFigure3.1). The axesof the coordinatedsystemarealsodepictedn Figure3.1.

Thephysicalquantitiesusedto definethe systemin theformulationareshavn in Table3.1.

Thedefinition of the symbolsusedin thederivationarein Table3.2.
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Symbol| Value Unit Description

r .25 m Radiusof thecircle thatcontainsall
theupperjoints (seeFig. 3.2)

R .40 m Radiusof thecircle thatcontainsall
thelower joints (seeFig. 3.2)

08 % rad Angular separationof the clos-
est lower joints, measuredfrom
the centerof the lower joints (see
Fig.3.2)

Bp % rad Angular separationof the clos-
est upper joints, measuredfrom
the centerof the upperjoints (see
Fig.3.2)

ho 2 m Distancebetweenupperand lower
planes, when the platform is at
“zero” (seeFig. 3.1)

m 2.849 Kg Massof thetop plate

J [0'8.2077 00277 00 3] Kgm? The momentof inertia of the plat-

00 0.0 0055
form

Wna 10021 rad/s Naturalfrequengy of theactuator

&a 3 [none] | Dampingfactorof theactuator

Ban 1 [none] | Gainfactorfor theinputto forcere-
lationin theactuator

Oac 0.121 rad/s Firstpole of theaccelerometer

Bac 10*2m rad/s Second(and last) pole of the ac-

celerometer

Table3.1. PhysicalQuantitiesUsedin the Model.
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Symbol

Meaning

SooIDooQa €0 1M w<s ISO

P <SG e ANT D

=

Linearmomentum

Mass

Angularmomentum

Linearvelocity

Inertiamatrix

Angularvelocity (vector)

Forceactingon the centerof mass
Torqueactingonthetop plate

Yaw

Pitch

Roll

Matrix thatcorvertsw into the Euleranglesderivatives
Eulerparametersectora = [poy)]"

Acceleration

Forceactingonjoint i

Forceproducedoy the actuatori

Inputforcevector, generatedby theactuators
Accelerationof joint i

Positionof upperjoint i

Positionof lower joint i

Vectorthatconnect to b;

Formfactorfor force (F = ¥ e)

Form factorfor torque(T = T Finp)

Accelerationof joint i

Positionof thetop plate

Transferfunctionof theactuator(force asoutputandcurrentasinput)
Velocity of thejoint

Velocity of thejoint alongthe actuatoraxis
Viscositycoeficient

Vectorthatconnectd, to thejoint i (rj = bj — b = by — p)

Table3.2. SymbolsUsedin the MathematicaModel.
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D. FREE-BODY MODEL

In orderto make the problemmoretractable,it is assumedhatall forcesandtorquesare
measuredvith respectto an inertial referencesystem(definedin SectionC). The mostbasic
equationsfor a free-bodymodel are the equationsof momentumconseration (Equations(3.1)
and(3.2)). Theseqgualitiesdo not changef no externaltorqueor forceis appliedto thebody The

linear(Q) andangular(H) momentumaredefinedas:

Q 2 v (3.1)

H £ Jw, (3.2)

wherem is the massJ theinertiamatrix, w the angularvelocity andv the linearvelocity (all with
respecto thetop plate).

TheforceF andtorqueT actingonthetop plateare

F = Q=rv+my (3.3)

Equations(3.3) and (3.4) canbe simplified if the massandthe inertiamatrix canbe con-
sideredconstantasit is the casewhenthe equipmentmountedon thetop platecanbe considerec
rigid body With this assumptionin = 0 andJ = 0 andEquations(3.3) and(3.4) canbe simplified

to

F = mv (3.5)

T = Jw (3.6)
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E. EULERANGLES

Therearetwo mainapproachethatcanbeusedto definetheangularvelocity: Eulerangles
andEulerparametergalsoknown asquaternions).

Thefirst approachs adequatéor angleswithin bounds sincethis approacthassingularity
problems.Furthermorejt usestranscendentdlinctions(sin, cosandtan), makingits computation
expensve. Using the azimuth-elgation-roll sequencandaccordingto [28], the derivativesof the
Euleranglesare

® 1 tan6sing tanBcosyp

a= 9| =1{0 cos —sing |W=M(a)w (3.7)

b 0 & e
andthesingularityis at® = 11/2. Theplatformmovementsaresmall,with all anglesbeinglessthan
15°, andthe singularity will never be reached.Without the singularity the only dravback of the

Euleranglesapproachs its computationatequirements.

The otherpossibilityis to useEuler parametergquaternions) Accordingto [28], they can

bewrittenas
& Wy€2 -+ Wye3 + W,€4
& 1 | —Wx€1 — WzE3 — Wy€g
& —Wy€1 + W28 — W€y
_é4_ __erl —Wy€ — er3_
with the constrainingaquation
d+&+g+e=1, (3.9)

whereey, €, €3 ande, arethequaternions.
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This approacthastwo mainadwantage®ver usingEulerangles:thereis no singularityand
the updategequireonly standardnultiplications. The Euler anglesapproachwasselectedor this
model.

Assumingthat the body and inertial frameshave the sameorigin, a vectorin the inertial

frame®p canbetransformednto the bodyframeusingthetransformatiorj28]

cBco cosy —-s0

P = |—cosp+spsOop cooP+sgsBsp spcd| P (3.10)

| Sgsp+cpsBop —speg + cpsOsy - oged

= PR, (3.11)
werec standgor cosands for sin. Thetransformatiormatrix PRy, is orthonormakandinvertible for
the small anglesthat the PrecisionPointing Hexapodcan produce. The inversetransformations
°R, =bR, .

Using the Euler anglesandthe assumptiorof constantmassandinertia matrix, a simple

modelcanbewritten as

_p_ ] ) -
v iF
a . M (a)w
W i JiT |
\'
ip

1 tanBsin@ tanBcosy

= , (3.12)
0 cosh —sin@ | W
J7iT
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wheretheforceF andthetorqueT actonthe centerof massof thetop plate.

This model describesa body floating in free spaceand hasarbitrary force andtorqueas
inputs. Therefore this systemis controllableasis its linearizedversion. The main problemwith
this modelis, however, thatthe force andtorquearenot controlleddirectly: they aregeneratedy

thesix actuators.

F. FORCESACTING ON THE TOP PLATE

Disregardingthe gravitational effects, thereare only six externalforcesand no external
torqueactingon thetop plate (throughthejoints). A mathematicatelationshipmustbe foundthat
cantranslatetheseforcesinto the resultantforce andtorque. It is assumedhat the actuatorsare
mass-lesandtheforcesgeneratedby theactuatorsareparallelto theactuators axisandactonly at
thejoints.

The force actingon the centerof massis the summationof all forcesactingon the body
Defining L; as the force acting on the joint i ande £ [e; ...e5]" asthe force producedby the

actuatorstheresultantforceis

6
F = SL
5"

_ < _ bi—-B

whereg is the force producedby the actuatori, b; is the position of upperjoint i andB; is the

positionof thelower joint i.

bi = p+r
= p+P°Rofo;. (3.14)

31



Defining F; £ ”E::—g:”, theforceF canbewrittenas

F = iﬂfia

R A I R
= |F1 F2 Fs Fa Fs Fs

& & L L @ @

— F(p,a)e (3.15)

Thetorquecanbeevaluatedin a similar manner Eachforce hasa associatedorquewhen
translatedo the centerof massandthesetorquescanthenbe summedo producethetotal torque

T. First,defineavectorr; as
ri = PRolo), (3.16)

wherep is the positionof the centerof massof thetop plateandb; is the positionof thejoint i.
Thereforethe overalltorquecanbewritten as

6

T %rixLi
- i;a (rixllg::ig:v

= T(p,a)e (3.17)

whereT; 2 1; x “g' '

i
s

0
ey
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Theresultsof Equations(3.15)and(3.17) provide a linear relationshipbetweerthe input

forcesandtheresultingforceandtorque.By usingtheseresults the plantmodelcanberewritten as

p \Y;
v lge
= | " , (3.18)
a M (o) w
W J1Te

wherethe parametersf F (p,a) andT (p,a) weredroppedfor compactnesandareimplicit.

G. ACTUATORS

Theforce of the actuatorscannotbe controlleddirectly. The controllers outputis a num-
berthatis corvertedto a voltage/currenandthensentto the actuator The actualforce produced
depend®ntheactuators internaldynamics.

The actuatorgnstalledon the PrecisionPointing Hexapodare voice-coils,which are ba-
sically a coil in theinsideanda magneton the outside(Figure3.3). A currentflowing in the coil
generateamagnetidield thatinteractswith themagneticelementreatingtheforce,whichis linear
for small displacementsBoth a springforce anda viscousforce mustalsobe takeninto account.
Thereforetheequatiorrelatingthe force generatedby the actuatorto the currentflowing throughit

andthe positionis

F) = Kii(t) — Kex(t) — bx(t) — ma(t), (3.19)

wherek; is the gainfrom currentto force andb, m, andKy arethe viscousfriction, moving mass

andspringconstanbf theactuator
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Figure3.3. ActuatorDiagram.

Theforce producedby the actuatormustbe written in termsof the inertial coordinatesys-

tem. Thedlsplacement(|sthedlstancetraveledbythejomtalongtheunltyvector||b B” =Fi

X = (b b0|) Fi
= (p+ri—bo) Fi

T
= <p+bRorO,i—b0,i> Fi.
Sinceb,j = roj, thisbecomes
b T
X = (p+ Robo,i—bo,i) Fi. (3.20)

Thevelocityv; of thejointi is thesumof thevelocity of the centerof massandthevelocity
of the joint with respecto the centerof mass.Sincethe latteris producedby the angularvelocity

of thetop plate,theresultingexpressioris

Vi = (v+wxri)T}'i
_ (v+w><bRor0,i)Tfi. (3.21)
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Similarly, theacceleratiorof thejoint i is theacceleratiorof the centerof masssummedo

thecentripetalcceleration:
a = at+wx(wxrj). (3.22)
Projectinga; it onthestruts’axesleadsto:

a = (a+wxwxr)) &

T
a = (a+w x (w x bRoro,i)) F.. (3.23)
Substitutingx, x andx into Equation(3.19),theforceonjoint i is

F(t) = Kiii(t) - (Kx (p—IrbRobo,i - bO,i) +b(v+w X bRJo,i) +

ma(a—|-w>< (beRorOJ)))T}'i, (3.24)

assumingt is parallelto the actuators axis. All thetermsof this equationareknown statesexcept
for theinputii(t).

It isimportantto mentionthatthe outputof thecontrolleris notacurrent,but avoltage.This
voltageis sentto a DC amplifierandits outputgoesto the actuators.The amplifier's bandwidthis
200Hz andthetime constanof theactuator$ LR circuitis Ims Thereforethemodeldevelopedin
this sectionis valid only upto 200Hz. If higherfrequenciesreneededthentheelectricaldynamics

mustalsobemodeled.

1. Mode With Actuators

The force Equation(3.24) can be usedin Equations(3.12)to generatea more complete

model. To dothat, Equation(3.24) mustbe written in amorecompactform. Defining

h 2 (Ke(p+"Robo; — boj ) +b (v-+wx "Roro; ) +

ma<a+w>< (wx bRoro,i)) )T}'i, (3.25)
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h2h... hg" (3.26)

and

u2iip...ig . (3.27)
Equation(3.12)canberewritten as
p v
v lge
a M (a)w
W JiTe
v
T
nF [Fl...FG]
M (a)w
T
N [Fl.. Fe]

~ ) -
%‘1,"" (Kiu—h)
— , (3.28)
M (o) w
_J_l‘T(KiU — h)_

with h andu asdefinedin Equationg3.25),(3.26)and(3.27).

H. ACCELEROMETERS

All hexapodsusedfor vibrationcontrolreviewedin theliteraturehave somekind of sensor
to measurehe vibration built into the strut. The PrecisionPointing Hexapodis not an exception
andhasaccelerometerbuilt inline with the actuator$ axis. Section II.C.1 (p. 15) describeghe
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mountingbraclet andthe accelerometersyhile Table 3.3 shaws the relevant specificationf the

accelerometers.

Value | Unit
Range +2 | g
Sensitvity 1,000 | mV/g
ResonanEreq.(nom.) 1.2 | kHz
Freq.Responsé¢+5%) 300 | Hz
Linearity +1 | %FS
TranserseSensitvity (nom.)| <1 | %
Phaseshift (10Hz,nom.) 2 degree
Resolution(0.5to 100Hz) 0.1 | MGms

Table3.3. AccelerometeSpecifications.

As seerin SectionG, themodelis only valid upto 200Hz dueto restrictionsof theactuators
model. Since200Hz is within theaccelerometes’bandwidth their dynamiccanbe consideregust
aconstantlt is alsoimportantto realizethattheaccelerometemnountedon the strutsmeasurédC
level, andthis modeldoesnot limit this behaior.

The accelerometermeasurdhe acceleratiorof the joint projectedon the actuators axis.

Themeasuremertanthenbewritten as

T_ ™ ! T
=a a7, 3.29
A=A p-m > T 32

whereg; is themeasuremerdf accelerometdrandg; is theacceleratioratthejoint i. Thisacceler
ationwasevaluatedn Equation(3.23).
Usingtheabove resultanddefiningK o, asthe accelerometergonstangain,the measure-

mentequationdecome

a Ka, (a+w>< (WXbRoro,l))Tfl

m = = : : (3.30)

as| |Ka (a+wx (WxPRoros))" Fo
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Therefore,the last equationis the measuremengéquationfor the state-spacenodel de-

scribedin Equation(3.28),which canbeusedfor vibrationsimulationpurposes.
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V. VIBRATION SUPPRESSION

A. CHAPTERLAYOUT

This chaptercontainsthe detailsof the Adaptive DisturbanceCanceller. First, SectionB
derivesthe Multiple-Error LMS method.

SectionC presentsanovervien of the Adaptive DisturbanceCanceller.The mathematical
details,includinga corvergenceanalysisarepresentedn SectionD.

Note that the Adaptive DisturbanceCancellerisolatesthe vibrationsat the assignedre-
guenciesonly. As aresult, Section D.3 presentsa study of the behaior of the controllerin the
presenc®f unassignedrequencie®ntheerrorsignal.

SectionE presentsimulationsresultsobtainedwith the Adaptive DisturbanceCanceller.
The modelderived in Chapterlll was usedto simulatethe PPHin Section E.2. The Adaptive
DisturbanceCancelleiis a SISOcontrollerandmultiple controllersmight interactwith oneanother
on a distributed controller configuration. Thus, full nonlinearmodel simulationsare of special

interest.

B. MULTIPLE-ERROR LEAST MEAN SQUARED

Advancesn Digital SignalProcessingechniqueded to several estimationtechniquesand
mary of theseare also valuablefor noise cancellation. Techniqguescommonly appliedin noise
cancellatiorareusuallybasedn adaptve algorithms.Thegenerabpproachs shovn in Figure4.1.

Amongadaptve filter implementationsisedto cancelthedisturbanceignald [n] oneof the
simplestandbestunderstoods the LeastMeanSquaremethod(see[29] for a detaileddescription
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Figure4.1. NoiseCancellatiorProblem.

andspecificproperties) This filter assumesnall-pole plant(H) andminimizesthe costfunction
J=E{le[n [}, (4.1)

whereE {e} is the expectationoperator Additionally, the LMS is a first order method,which

contrikutesto its simplicity andreduceccomputationaéffort in comparisorwith moresophisticated

algorithms.
x[n]
> D
din]
v. +
un] -
» W H
N y[n]
RN - e[n]
3
rin] '
LMS
> Ag [

Figure4.2. An Adaptive VibrationController

The vibration problemhasone additionalcomplicationwhencomparedo the noisecan-
cellationproblem:thetransferfunctionH is after thefilter. In fact,thefilter providesthe inputsto
theplantH. An updateddiagram,reflectingthe vibration control problemis shavn in Figure4.2.

40



It is importantto realizethatFigure4.1 andFigure4.2 only differ on the positionof the plantand
the controller: they areswitched. Unfortunately the very factof switchingthe plantandthefilter
preventsa straightLMS from beingusedfor control. The LMS filter hasa weightupdateequation

in theform

W [n+1] =W|[n]+ p€ [nju[n], (4.2)

andsincetheplantis placedafterthefilter, achangeonu[n] will notreflectone[n], butone[n+ 1]
(theLMS assumesanall-pole plant). Thereforeg[n] doesnot dependdn u[n| andtheLMS method

cannotbe applieddirectly to thevibration control problem.

Widrow[30] andBurgess[3] solved this problemworking independentlyn 1981. Their
methodusedan estimatednodelof the plantandis calledFiltered-X LMS. This algorithminherits
mostof the characteristicef the simpleLMS scheme Unfortunately the Filtered-X LMS method
doesnot addresoneimportantissue:MIMO systems Elliot, StothersandNelsongeneralizedhe
original Filtered-XLMS in 1987[13, presentinghe Multiple-Error LMS. The new algorithmwas
ableto controlMIMO plants,but still possessethe restrictionof having a singlesignalcorrelated
with all disturbancesln essencethe Multiple-Error LMS transformghe MIMO plantinto a SIMO
plant, with a single input (x[n]) and several outputs(e, [n]) (seederiation in Section 1). The

structureof thecontrollerproposedn [12] canbeseenin Figure4.3.

BoththeMultiple-Error LMS andtheFiltered-XLMS approachesswell astheirvariants,
seemto be the mostcommonactive vibration control/isolationalgorithmsin usetoday They are
amongthe leastexpensve in termsof computationatequirementandarecomparatrely simpleto
implement. The Multiple-Error LMS, dueto its widespreadacceptances usedin this work asa
benchmarlandis presentedhext.
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Figure4.4. Multiple-Error LMS.

1. Derivation of the Multiple-Error LMS

The Multiple-Error LMS assumeshatthe MIMO plantH (Figure4.4) canbe modeledas
aFinite ImpulseResponséFIR) filter or orderM with Q outputsandP inputs. Thus,theq" output

Ya,p [N] dueto theinput p is givenby:

M
Yop[n = Zohq,p [m]up [n—m, (4.3)
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assuminghatthe Q disturbancesly [n] actingonthe systemarecorrelatedo thesignalx[n], which
mustbe measurable.
Further assumingV to be a matrix of dimensionsSx P, the signalu[n] canbe generated

as

s-1
up[n] = %Wsp[”] X[n—g. (4.4)

Substitutingtheinput valuederivedin Equation(4.4)into Equation(4.3), the outputof the

plantattimenis

P—1 M
= h _
Yaln| F;)WZO g,p [M] Up [N—m|
P 1M s 1
= pzon;ohq,p[m]szbwsp[n—m]x[n—m—s]
P-1 M S-1
= pZ(m;)s;hq,p[IO]Wsp[n—m]X[n—m—s]. (4.5)

Theerrorcanbethencomputedas

€] = dg[n]—yqn]
P-1M S1

= dgn-> > Z)hq,p[p]ws,p[n—m]x[n—m—s]. (4.6)

p=0m=0
Following thesamereasoninghatis usedin thedervationof theLMS method W mustbe

updatedminimizing the costfunction

Q-1
J=E . 4.7
{q;eé[n]} (4.7)
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By usingthe steepestliescentand | asthe learningrate, the weight can be adjustedas

follows:

weoln] = weoln] —puz T
0E<Y; [n]
= Warll-H {aw&p[e? }
_ CHoE{en}
= gl —H 3 (4.8)

Unfortunately computingtheexpectatiorE {eg [n]} in realtimeisimpossibleputthesame

approximatiorusedin the dervationof the standard_MS algorithmcanbe madehere:

E{&n} ~en. (4.9)
By usingtheabove approximatiorandproceedingith the calculationof ws , [N+ 1]:

Ulo{eiln}

Wsp[n+1] ~ wsp[n Zoawgp[n

Q-1 aeq[n

R Wsp[n szjeq S o 1] (4.10)

Next, substitutingthe error ey [n] from Equation(4.6) into Equation(4.10),ws , [N+ 1] can

beevaluatedas

Wsp[N+1] ~ wsp[n+

F) (ZFP)l_:lo zm:o 23_:10 hq,p’ [m]wsl’p, [n—m]x[n—ws’]) ) (4 1 1)
[n] owg i [n]

ZHZq 0 eq

44



Assumingthat the weightschangeslowly (i small), then,ws,[n—m] ~ ws,[n] andthe

previous equationcanbe simplifiedto

Wsp[N+1 ~ Wsp[n|+

(5P 2 025, 1h [mwyg yln- mix[n-m—¢]

t)wsp[ ]
~ Wsp[n]+
a(z;,;lozm:ozsilohq_d[m]ws,’p,[n]x[n—m—s’])
Zqu Oeq[n] 0wd3i[n]
R Wspln +
plnl
2053wl 25 Moo 33h I i K- ) (4.12)

Note thatthe derivative avj p'[L]] is differentfrom zeroonly if p= p’ ands=¢. Therefore Equa-

tion (4.12)collapseso

Q-1 M
Wsp[N+ 1] = wgp [N] + 21 ;eq z hg,p[MX[n—m—g. (4.13)
Now, definingrq , [n] as
M
Fap[n = 5 hgp[mx[n—m (4.14)
m=0
then,Equation(4.13)becomes
Q-1
Ws p [N+ 1] = ws p[N] + 21 Zoeq[n] rgpln—9. (4.15)
q:

Equation(4.15)is thenusedto definethe weight updateequationfor the Multiple-Error

LMS:

Q-1
We p[N-+ 1] £ ws p[n] + 20 Z)eq[”] rgp[N—s. (4.16)
0=

Oneimportantcharacteristicof the Multiple-Error LMS methodis that a plant modelis
neededo generateq , [n]. Actually, theterm s M_qhq p[p]X[n—m— s canbeinterpretecasbeing
theq'" outputof the plantwhenthe p'" inputis x[n — g andall the otherinputsarezero.
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C. PROPOSED METHOD

For a time-irvariantor slowly varyingtonal disturbancehaving a full modelof the plant
or a controllerdesignedo work over a frequeng bandis anoverkill. The systemis only excited
at a particularfrequenyg andthus, the transferfunctionsare reducedto single complex numbers.
Assumingthatthe plantis linearandstable |t is possibleto generatery arbitrarysinusoidakat the
outputof the systemandthuscancelary sinusoidaldisturbance A controllerusingthis approach
waspresentedn 1998by BertranandMontoro[18]. Theproposedtontrollerneedsfor the studied
casepnly afew assumptionsastablelinear SISOplant,tonaldisturbancesvith knowvn frequencies
andthe plantwithout zerosat thefrequencie®f interest.A block diagramdescribingthe controller
is shavn in Figure4.5.

Thecontrollerproposeccanbe summarizedsfollows: assuminghattheplantH is linear
(seeFigure 4.5), then, for ary sinusoidalsignal d[n] with frequeng ux it is possibleto find a

sinusoidainputx[n] suchthaty[n] = —dj (if }[(ej‘*’C) # 0). Usuallyonewould write theinputas
x[n] = Xcoqwen+ By). (4.17)

Severalalgorithmswhich computetheoptimalvalueof x, by minimizinge[n] = y[n]+d[n]
areavailable, but almostall assumehaty/[n] is a linear combinationof the parametersThe input

Equation(4.17)canbe changedo the equivalentform
x[n] = acoq wen) + bsin(wen). (4.18)
Next, assuminghat# (e/®*) = aelP, the steady-stateutputy[n] canbewrittenas
y[n] = aa cogwen+ B) + ba sin(we.n+ ). (4.19)

Using this form, the outputy|n] is linear in the parametersa and b and most adaptve
algorithmscanbe usedto find a andb. Bertranand Montoro usedan updatesimilar to the one
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Figure4.5. Adaptive DisturbanceCanceller.

definedin theLMS method:

aln+1] = a[n]+ pe[njcoguxn)

bin+1] = b[n]+ pen|sin(wen),

with

e[n =y[n+d[n].

D. MATHEMATICAL ANALYSIS

1. Stability

(4.20)

(4.21)

(4.22)

BertranandMontoroderivedthe stability analysisfor the setuppresentedh this paper but

the particularplantassumeds notappropriatgor the Stevart Platformproblem.Thereforeamore

generalapproachs presentedh thefollowing discussion.

Thedisturbancel [n] canbewritten as
d[n] = AH (e/x) &N,

47

(4.23)



whereuy is thefrequenyg of thedisturbance.

Assumingu small,A[n] changeslowly andthe outputy[n] canbewrittenas
y[n ~ A[n] # (el®) el (4.24)
Thus,sincee[n] = y[n] + d[n], theerroris

en = dn+y[n]
= (A+A[n]) # (%) el

= Al # (%) el (4.25)

Usingtheweightupdateequatiorandthedefinitionof A[n] £ A+ A[n], theupdateequation

for A[n] is givenby
A[n+1] = A[n] + pe[nj e 1",
Adding Ato bothsidesof the previousequationeadsto
A[n+ 1] = A[n] + pefn] e~ N, (4.26)

Also notethatalgorithmconvergencemay be proven if \A[n—l— 1]| < \A[n]\, for all integer

valuesof n. Therefore,

An+1° = AMn+YAn+1

= (A*[n)+pe [N &) (A[n] + pe[n) e 1=")
= |A[n]|?+ A* [n] peln] e 4 Aln]pret ] @+ 2 en)2.  (4.27)
Now, usingtheerrorvaluefrom Equation4.25,the abore expressionis reducedo
AN+ = |A[n)|°+A [n] pA[n] # (el*) efoxng ieen
Al A [n] > (&%) e Iexngiexn
W2 A [n] H* (1) e IXNA ] # (e) N,
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Applying comple conjugatepropertiesthefinal expressiorfor |A[n+ 1] |2 is givenby

Aln+ 1 = |An[*+2Re{A[nlwrA* [n] 2% (%) } + [ |A[n)|* |7 (&%) |

= A (1+2Re{pst (%)} +|W? |2 () ), (4.28)
andit canbe concludeahatlimn_.. |A[n] |2 = 0 providedthat
14 2Re{pH (%) } + | |7 () |* < 1,
or, equivalently
2Re{pH (e1%) } + uf? | () |* < 0.

TheweightA[n] corvergesto —A, asA[n] = A+ A[n]. Thus,theerrorconvergesto zero.

Assumingthat |u#/ (el“r)| << 1, thestability criterion canbe simplifiedto
Re{us (e*)} <0. (4.29)
As aguideline,u canbeselectedy using

H* (el
() 2 (4.30)

MW=—F7—F
10| # (elx)
wherethe magnitudeof the plantis not critical andthe phasemustbe known within £11/2. This

guidelineis not strictandthe modelof the plantdoesnot needto be preciselyknown.

2. Optimal Weights

Assumingthatthe controllercorverges,theny[n] = —d [n]. Assumingthatthe disturbance

d[nis
d[n] = Deel (M), (4.31)
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then,the outputy[n] canbeevaluatedas

el = ylnj+dn

— y[n] + Dcej(wcn"'y(:) .

The corvergenceof the algorithmensureghat the error corvergesto zeroand A[n] con-

vergesto a constantTherefore,

el = ylnj+d[n

0 = A_r].[(ej(*)c) el@en 4 D el (@entye)

Defining #( (e!**) = aelP, the previous expressiorbecomes

0 = Dcell@ntye)  gael(@entp)
Del(®M¥) —  _qgAa,el(@ntp)
De gitve—p+m
An = Fe c , (4.32)

whereA, is theoptimalweight.

Therealcoeficientsa, andb, areobtainedby rewriting Equation(4.32)in therealform

a = —%COS(VC—B)

b, = —%sin(yC—B). (4.33)

3. Crosstalk

It is importantto verify how the algorithm behaesin the presenceof uncontrolledfre-
guencies.For suchananalysisthe disturbancas assumedo containtwo complex exponentialsat

frequenciesy. andwy,c. Thus
d [n] = Dcejwcm”jyc 4 Dncej@ncn‘f'jync’ (434)
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wherewy, is thedisturbanceo be suppressedndowy is notto besuppressed.
It is assumedhat3N € N (whereN denoteghe setof Naturalnumbers)suchthat A[n] =

A[n+N]and

ks 2N& e N, and

knc = NG € N.
\

Theinput of the plantcanbewrittenin the complex exponentialform as
x[n] = An]e/*", (4.35)
Takingthe DFT of x[n] andapplyingthe frequeng shift property X (k) becomes
X(k)y=2(k—ke).

Theoutputy[n] is

andtherefore, DF 7 {y[n|} is

¥k = x(k)a{(eizﬂ%)

— A(k—k) }[(eizﬂ%) . (4.36)
TheweightsA[n] areupdatedas

A[n+ 1] = A[n] + pe[n] e 1%, (4.37)
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Sincee[n] = y[n]+d[n], Equation(4.37)canberewritten as

Aln+1] AN+ H(y[n] +d[n]) e T

= A[n]+ pe 1%y n] 4 pe 1o (Dcejwcnﬂvc + Dcejwncnﬂvnc)
= A[n]+ pe 19Ny [n] + uDelVeel g% 4 D elVhegOncngiwen
= A[n]+ pe 19" [n] + uDeelYe + pDpelVregl %N, (4.38)
Applying the DFT to Equation4.38,leadsto
DFT{AMN+1)} = DFT{AN}+uDFT {e 1y} +
UDel¥e D F T {1} + uDpceleDF T {ei5w”} .
Using DFT propertiesthe previous equationbecomes
AR = A+ (k+ ko) +HDeB(K) + HDnee B (k—ks).  (4.39)
By substituting)” (k) from Equation(4.36)into Equation(4.39)leadsto
AT = A +pak) H (eizﬂ%) UDce/¥e5 (K) + puDnceed (k — ks).  (4.40)
Thefinal expressiorcanthenbe obtainedby groupingthetermsin 4 (k)
(k) (ej%k —1- u}[(ej(%k“*’c))) = uDeMd(k)+
HDpceed (k — Ks) . (4.41)

Equation(4.41) shavs that the weightshave componentnly at k = 0 andk = ks and
thusthe error only hascomponentsat «. andwnc. Therefore the contoller doesnot createnew
frequenciesInfluenceof the controllerin the errorat w = wy is evaluatedby replacingk = ks in

Equation(4.41)whichleadsto

4 (ks) (@'% —1-pH (ei(zﬁé%)c))) _ chejyc5(k6) + pDncejVncé(ké —ks)
= pDnCeij, (4.42)
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Thus,

D ejync
A(ky) = —gg—————. (4.43)
e~ —1— “.’]-[(elwnc)
Similar resultsmaybe obtainedby evaluatingequation(4.41)atk = 0
4(0) (ej% —1—pH (ej(%“*’c))) = WDce¥e5(0) + pPDnce¥e3 (0 — k)
= uDeel¥. (4.44)
Thus,
B Dcejyc
A0) = 57 ey (4.45)

Zl~

Usingthefactthaty (k) = 4 (k— kc) A ( e/?" ) E (k) = 9 (k) + D (k) canbe evaluated

as

E() = 9 (K)+ Dnce¥d(k— ks) + Dce¥ed(K)

— A(k—ko)H (eizﬂ%) + Drc@¥8 (K — kne) + De€¥e3 (K — ke)

D ejyc D ejync
= | SOk k) + gt
(elex) el — 1y (elne)

Dnce’8 (K — knc) + Dcel¥*d (k— k). (4.46)

5(k— knc)> }[(eizn%) n

At this point, Equation(4.46) shavs that the error hascomponentsat w. and wy,c only.
Furthermorethe disturbanceat wy,; doesnot affect the errorat w,. Accordingly the disturbance
at u, doesnot affect the error at the frequeng wnc. Thus,the controllerdoesnot generatenew
frequencies.

EvaluatingEquation(4.46)atk = k.. theerrordueto thenoncontrolledisturbances

JYne . .
T (knc) _ ance X (el(*)nc) + Dncelync_ (447)

eJ% —1- u}[(elwnc)
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Assumingthatd,, is small (ks << N), thene$ ~ 1 andEquation(4.47)canbesimplified

to

D,..eiVYnc . .
‘E(knc) = HEnce }[(e]%c) + Dncelync

e] N — 1— u}[(e]%c)

~ anCejVnc j Wne jYnc
. 1 .
~ JYnc _ J Wnc
~ Dpee (1 37 (@) H (e ))
~ 0. (4.48)

Equation(4.48) shaws thatthe error tendsto zerowhenthe assignedrequeng tendsto
the exact disturbancdrequeng (o, tendsto zero). This importantresultshawvs that thereis not
discontinuityin the solutionin thevicinity of thetrue solution,provided wy is nota zeroor pole of
theplant.

However, assumingd, is sufiiciently Iargeand|u}[(ej‘**°) | << 1,leadsto

D, j¥Ync . .
‘E(knc) — u nce j_[’(ej(lonc) + Dnce]ync

g )
e~ —1-— u}[(elwnc)

D ejync . .
UL}[(eJ%c) + Dncelync

. 21K
™ -1

Dnce [ 14—t a1 (&) | . (4.49)
e~ -1

Q

Q

So, using |u# (/%) | << 1 andassuminghat [|e!® — 1|| ~ 1, Equation(4.49) may be

approximatedy

Z(knc) ~ Dncernc <1_|_ %}[(@%c))

e~ —1
~ Dpeele. (4.50)
The above resultshawvs thatthe controllerhasvery little impacton the componentt wyc
whenthis frequeng is farfrom w, andpis small.
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E. SIMULATIONS

Simulationsare conductedo verify the mathematicatlevelopmentandto verify whether
the assumptiongnadeare reasonable.Recall that stability conditionswere derved assuminga
singlefrequenyg ontheerrorsignal,andthusit is importantto verify the behaior of the controller
if otherfrequenciesarepresenin e[n]. Additionally, the Adaptive DisturbanceCancellelis a SISO
controller;thereforejt is necessaryo verify if it cancontrola hexapod,asit is a stronglycoupled

MIMO plant.

1 Single-Input/Single-Output System

The first simulationis intendedto evaluatethe algorithm corvergencewhen the distur
banceconsistedf a singletone. The methodwasimplementedn Simulink asdescribedy Equa-
tions(4.20)and(4.21). Theplantusedwasasecondrdersystenwith anaturalfrequeng of 100Hz
anddampingof 3% andits outputwassampledL, 000timespersecond.Thecontrolleralsoranata
1KHz samplingrate. White noisewasaddedto the error signal,with SNR = 20dB. Theresultsare
shovnin Fig. 4.6.

Resultsshav that the controllerworks as expected,even for sucha high noiselevel. In
addition,notethatthe controllerdoesnot affect the systemat uncontrolledfrequencies.

The next simulationstudiesthe controllerbehaior whentwo tonesarepresentn the dis-
turbancesignal(f. = 33Hz and f,. = 47HZ), where33Hz is the disturbanceo be suppressed-ig-
ure4.7 shavs thatthe controllercancelgheassignedrequeny anddoesnotchangeheunassigned
one(47Hz). Theweightsexhibits componentst f = 0Hz (from f.), f = 14Hzandf = 80Hz The
latter two valuesare predictedby theoreticalresults,since|fq — f¢| = 14Hz and f. + fg = 80Hz
Figure4.8shaws the performancef thealgorithmwhennoiseis addedto the sensorge|n)).

Theoreticalresultspredictedthatthis controllercannotbe applieddirectly whenthe phase
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of theplantis J + 2kribecausél + paelP| = |1+ juasin(B)| > 1. In orderto verify how sensitve to
this parametethe methodis, theplantwaschangedothatits phaseat f. is almost9(P. Figures4.9
and4.10shaowv the resultingperformanceof the controller As expected the maximum|y| is very
smallandthusthe corvergencerateis very slow.

ThelastSISOsimulationteststheperformancef thealgorithmwhenseveralcontrolledand
someuncontrolledfrequenciearepresentFigure4.11demonstratetheresultsfor four controlled
(10,14,34,and36H z) andthreeuncontrolled 13,35 and40Hz) tones.Noisewasaddedo theerror
signal. It is relevantto mentionthatamongthe controlledfrequenciesherewere34, 35 and36H z,
whereonly 34 and36H z areto be suppressedThe goalwasto verify how selectve the algorithm

is. Resultsshav thetoneat 35Hz is left untouchedvhile thetonesat 34 and36H z areattenuated.
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2. Multiple-lnput/Multiple-Output System: The PPH

ThePrecisionPointingHexapodis ahighly coupledsystemasit is impossibleto move ary
nodeseparatelyfrom the others. The Adaptive DisturbanceCancellerwas developedasa SISO
controllerandeitherthe controller mustbe generalizedo a MIMO approachpr a multiple-SISO
approachmustbetaken(alsocalleddecentralizedontrol). Previousattemptsn usingdecentralized
controlhadmixedsuccessBeavers[11] did not obtaina goodperformancdor higherfrequencies
andthe performancdor lower frequenciesvas poorerthanthe one obtainedby usingthe MIMO
methods(Multiple-Error LMS, RepetitiveContol andClear Box [4, 14, 13]). Goodresultsusing
distributedcontrol(six independen8ISOcontrollerswereobtainedwith somecontrollerg27, 32].
Since previous work exhibited mixed results,the mathematicainodel developedin Chapterlll
(p.23)isfollowedto verify if thecouplingis alimiting factorfor theuseof theAdaptive Disturbance
Cancelleron hexapods.

Thesimulationsetupwasexactly the sameasthatusedin SectionE (p. 55), but amultiple-
SISOimplementatiorwasusedandthe plantwaschangedo anS-Functionmplementinghemodel
of thehexapodaccordingo Equationg3.28)and(3.30),onpg.36. Simulationsveremadeto excite
the piston(bouncing) tilt/tip, twist andsheamodes(seeFigure4.12).

Thefirst casesimulatedshavs the performanceof the controllerfor the vibration axis co-
inciding with the z-axisandno rotationalcomponen{pistonmode) with afrequeng of 40Hz. The
resultsareshavn in Figures4.13and4.14. As onecansee the decentralizeatontrollerperformed
reasonablywell and no competitionamongthe controllerswas seenin steady-state.The nonlin-
earitiesin the plant model are responsiblgor the harmonicsseenin the error signalobsered in

Figure4.13(a).
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Twist

Figure4.12. Hexapodmoded5].

The secondcasesimulatedwas the twist modein which the actuatorsneededto move
symmetricallyin orderto cancetthevibration. As Figures4.15and4.16shaw, the performancevas

asexpectedandwasthe sameasthatobtainedn the pistonmode.

In the next casea moregeneralibrationdisturbancevassimulatedoy makingeachcom-
ponentof thesignald, have adifferentamplitude(namelyl, 3,2, —4, 3 and—2m/s%). Figures4.17

and4.18shawv the controllerperformedaswell asin the previoustwo cases.
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The last simulationaddeda secondtonal (50H2) disturbanceo the previous case(ampli-
tudes2,1,6~12,1and—5m/s?). This disturbancavasnot assignedo the controllerandtherefore,
was not being controlled. The amplitudeswere the sameasthosefor Case3. It canbe seenin

Figure4.20thatthe controllerperformedasexpected.
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F. COMMENTS

Thesimulationsverifiedthetheoreticakesultsandthe Adaptive DisturbanceCancellerex-
hibited good performancesven when usedin a distributed configurationand in the presenceof
strongnonlinearities. It is alsoimportantto mentionthat the vibration suppressiorwas not de-
gradedby the presencef noisein the measurementslhis resultwasconsistenfor boththe SISO
andthe MIMO simulations.

Thesimulationsalsoconfirmedthetheoreticatesultsaboutthe unassignefrequenciesthe
controllerdoesnot affect the error at frequenciedlifferentfrom the assignednes,indicatingthat
this controlleris very selectve.

It is importantto recognizethat the propertiesmentionedin the lasttwo paragraphsre
interrelated:one exists becausef the otherandvice-versa. Sincethe controllerusesa synthetic
signalasinput, it is veryinsensitve to noise.But asyntheticeferenceignalassignedo anincorrect
frequeng will preventthe controllerfrom cancelinghedisturbance.

As expected,the controllerdid not generateary new frequeng in the SISO simulations,
which useda linear plant. The PrecisionPointingHexapodmodelusedin the MIMO simulations
considerghe geometricnonlinearitiesof the hexapod. Thesenonlinearitiesgeneratecharmonics
that appearover the entirerangeof frequenciesalthoughthe harmonicsare very small because
the displacemenbf the top plateis small andthusthe anglesare small. Nonethelessthis effect
is expectedto be amplifiedif othernonlinearitiessourcesare present,suchas staticfriction and
backslash.

Note that oneimportantlimitation of this methodis the requiremenfor the precisefre-
queng of the disturbanceor the performancewill suffer considerably This effect was already
obsered by Tsueietal. in [33], which presentedh modifiedversionof the Filtered-XLMS with

syntheticinput.
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V. COMPUTATIONAL COST ESTIMATION

A. OVERVIEW

This chaptercompareshe computationatostrequiredto implementthe Adaptive Distur-
banceCancellerandthe Multiple-Error LMS method.Both computationatompleity andmemory
requirementarecompared.

SectionB definesthe methodologyfollowedto estimatethe computationatost. SectionC
andSectionD presenthe computationatostfor the Multiple-Error LMS andthe Adaptive Distur
banceCancellerespectiely.

SectionE compareghe computationatostandmemoryrequirementsor both controllers.
Oneexampleis presentedn which a hexapodis usedto suppresghreetoneswith one harmonic

each.

B. BASIC CONCEPTS

Vibrationcontrolrequiredargeamountf computationapower. Thefrequenciesnvolved
areusuallyhigherthanthetraditionalcontrolmethodsthereforethe samplingratesarealsohigher
One of the main purposesof this researchs to study a vibration methodthat requiresminimal
computationatesourcesThecontroller afterbeingimplementedshouldconsumeheleastamount
of electricalpower possible. Additionally, the computersystemshouldrequireaslittle spaceas
possible sinceelectricalpower, weightandspacearevery expensve in spaceapplicationsideally,
asinglelow-power microcontrollerwith no externalmemoryandno externalA/D corvertersshould
beused.
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Floatingpoint operationaisedto bethe mostexpensve operationsgonsequentlythecom-
plexity of analgorithmis traditionally measuredy countingfloating-pointoperations.lt wasnot
uncommorfor a simplefloating-pointmultiplication to be emulatedn software or to needa ded-
icatedexternalchip to be executed. The adwancesin microelectronicchangedhe picture: CPUs
have evolved. Thenew DSPCPUscanperformonefloating-pointmultiplicationasfastasthey can
performonefloating-pointsummationor eveninteger math. Table5.1 shavs the specificationf
an embeddablenicrocontroller/DSRHitachi’'s SH7410,a CPU for embeddedlevices). This mi-
crocontrollelCPUhasa DSPunitembeddednterruptcontrollersmemory A/D corverters timers,
etc. The power consumptions very small (0.5W versusabout60W for an Intel’s Pentiumlil or
an AMD’ s Athlon). Therefore,if a vibration control solutioncanfit in a few dozenkilobytes of
ROM anddoesnotneedmorethanafew kilobytesof RAM, thesavingsin spaceweightandpower
areverysignificant.As anevensimpleralternatve, the controllercould be convertedto useinteger
arithmeticor floating-pointemulationand usea CPU that doesnot supportfloating-point. These
aremoreeasilyavailableandcomewith awider arrayof featuregsomefeaturingeight12bitsA/D
cornversorsandeightD/A corversors)makingit possibleto implementthe controllerwith very few

componentsandlittie power consumption.

Voltage 3.3V
Operatingcurrent 110to 210mA
Operatingpowver consumption 0.36t0 0.69WV
Standbycurrent 5uA
Standbypower 20uW
Time peroperation(fetch, multiply anddivide) | 33ns/operation
ROM 48Kb
RAM 8Kb
Cycle/instructiorbasicinstructions 1cycle
Cyclesneededor DSPmultiplication 1cycle
Cyclesneededor integer multiplication 1to 4 cycles
Interruptcontrollerembedded
OtherFeatures Timers,A/D corverters,serial
communication

Table5.1. Main Characteristicef the SH7410(SH-DSR SH2 Family).
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In thelight of therealitiesof the new CPUs,evaluatinganalgorithmpurelyby its floating-
pointcompleity is clearlynotenougharymore.Usingasinglemeasurés nolongerpossible since
the performancef analgorithmwill depencheavily ontheimplementatiorandonthearchitecture

of thehardware.

The goal of the computationatostevaluationin this researchis moreambitiousthanjust
comparingdifferentmethodslt is intendedo be usedasa guidelineto evaluateif a particularCPU
canbeusedto implementthealgorithmin realtime. As such,the evaluationof compleity estimate

will notmeasurenly floating-pointoperationsThe following itemswill be counted:

¢ Floating-Roint Multiplication/Division (M) . Thesearesomeof the mostimportantoper
ationsastheir costcanbe muchhigherthanmostotheroperationsvhenthe computerdoes
not have floating-pointoperationsmplementedn hardware.

¢ Floating-Point Sum/Subaction (S¢). Importantfor the samereasonsaspresentecbove.

e Integer Multiplication (M;). Integeroperationscanbe very fastin complex CPUs. But the
low-costandlow-power onescanusuallybe slowver for multiplication, taking several cycles.

e Integer Division (I}). Integerdivisionsarea complex case.Somelow-end CPUsmay not
implementa full setof division operations.Thus somesort of software emulationmay be
needed.

e Integer Sum/Subtction (S;). Theseoperationsareamongthe fastesiones,but alsoamong
the mostfrequent. For fast CPUs,they areasfastasmultiplicationsanddivisions. But for
low-endCPUs,summations/subtractigs aremuchfaster

e Matrix ElementAccesgM,). Almosteveryoperationn acomputeroccursin theCPU,and
mostinvolve registersthemselesor registerandmemory Fetchingdatafrom memoryto reg-
isterstakestime, whichis very importantfor matrix manipulations Eventakinginto account
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that matrix operationdrequentlyusethe samebaseaddressthey still involve mathematical
operation®ntheindex prior to fetchingthe actualvalue.

e TranscendentaFunctions(Tranc). Theactualimplementatiorof thesefunctionsvariesde-
pendingonthealgorithmused.Somededicatedardwarearecanof performingsomeof these
operationshut usuallythey requireseveral CPU cycles. While this maynotbe perceptiblan
fastparallelizingCPUs,the costcanbe quite high for simplerones.Operationshot provided
by the CPUmustbeemulatedn softwareand,again,the computatiortime is very dependent

onthealgorithm,implementatioranddesiredprecision.

C. MULTIPLE-ERROR LMS

A referencanustbe establishedn orderto evaluatethe numericalcompleity of the pro-
posedvibration suppressiommethod. The mostnaturaloneis the Multiple-Error LMS dueto its
widespreadicceptance.

Theultimateobjective of ary vibrationcontrolalgorithmis to generatenputsfor the plant

H, whichin the Multiple-Error LMS is doneby usingthe Equation(4.4), reproducedelow:
Q-1
win =3 weilnjxin—d, (5.1)
| q;] q,l
wherex|[n] is thereferencesignal,wg [n] is the weightmatrixandQ is the orderof thefilter andu;
isthei'M input of theplant(0 < i < N; + 1).
Thenumberof operationsiecessarys
Q-1
N{u[n} = N{ qu,i [n]x[n— Cﬂ}
q:
= (Q-1)S1+QN{wq, [n]x[n—q}
= (Q—-1)St+Q(IMs + 1Si+ 2Ma)

= (Q—1)S¢+ QM + QSj+ 2QMa, (5.2)
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whereN{ e} meansiumberof opelationsrequiredto evaluates.

Thereforethe numberof operationsequiredto calculatethewholevectoru[n] is
N{u[n]} =N (Q—1)S¢+ NiQMs + NiQSj+ 2N QM . (5.3)

The next stepis to calculatethe weightsattime n+ 1. To do that, oneof the intermediate

stepsis to evaluater,; for all g's:

P
N 0,i = N ho,i -
{roi [N} {pzo [pIx[n p]}
= PS¢+ (P+1)N{ho; [p]x[n— p]}

= PS¢+ (P+1) (1Mt + 1Si+ M, )

= PSt+ (P+1)Ms + (P+1)Si+2(P+ 1) My, (5.4)

whereP is the orderof the estimateof the plantandh; [n] is the estimateof the o outputof the
plant,dueto theit" input.
Thereforetheweightupdateoperationsountis

No—1

N{wgi[n+1} = N{wq,i[n]JrZu ;eo[n]ro’i[n—q]}

= 1My +1Sf+N{2“Nile0[n] Fo, [n—Cﬂ}

No—1
= 1Ma1r+1Sf+le+N{ zon[n]ro,i[n_Q]}
= IMar + 1S5+ IMs + (No— 1) St + NoN{ & [n]roj [n—q]}
= 1My + 1S+ IMs + (No— 1) St +

No (1Mt + 1S+ IMatr + N{roj[n—q]}). (5.5)

The computationaleffort to evaluater,;[n] is given by Equation(5.4) and is PS¢ +
(P+1)Ms + (P+1)S;+ 2(P+ 1) My,. SinceEquation(5.5) needstime to be shiftedto n— g,
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oneintegersummustbeaddedto theresult

N{wgi[n+1]} = 1IMar +1S¢+1Ms +(No—1)St+
NoMt + NoSi + NoMeatr +
No (PSt+ (P+ 1) M + (P+1)Si+2(P+ 1) Mar +Si)
= (No+1+42No(P+1)) M + (14 (No—1) +NoP) St +
(1+No+No(P+1)) Mt + (No+No (P+1) + No) S;
= (14+No(14+2(P+1)))Mar +No(P+1)S¢+

(14+No(P+2))Ms + No(P+2)S;. (5.6)

Therefore,|it is possibleto evaluatethe computationakffort to evaluatethe matrix W (of

dimensionxN;) by usingEquation(5.6)

N{W[n+1]} = NQ(1+No(1+2(P+1)))Mar +NQNy(P+1)St+

NiQ (14 No (P+2)) M; +NiQNy (P+ 2)Si. (5.7)

Therefore,the total computationakeffort requiredto implementthe Multiple-Error LMS

algorithmis the sumof the effort to computeu [n] andW [n+ 1]

N{W[n+1} +N{u[n]} = NQ(1+No(1+2(P+1)))Mar +NQNo(P+1)S¢+
NiQ(L1+ No (P+2)) Mt +NiQNo (P+3) Si +
Ni (Q—1)S¢+ N QM + NiQS; + 2Ni QMer
= NQ(3+No(1+2(P+1))) Mar +
N (Q(L+No(P+1)) —1)S¢+
NiQ(2+No(P+2)) My +

NiQ(1+No(P+2))Si. (5.8)
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Notethatit is safeto assumehatP >> 1 andQ >> 1 for comple plants.Applying these

assumptionsanapproximateestimateof the computationakffort is

N{ME—LMS} =~ NQ(3+Ny(1+2(P+1))) My +
N (Q(1+No(P+1))—1)S¢+
NiQ(2+ No (P+2)) Mt +
NiQ(1+No(P+2))S;

= 2NiNoPQMyr -+ NiNoPQS ¢ +
NiNoPQM + NiNoPQS;

= NiNoPQ(2Mr +S¢+Ms +Sj). (5.9

Theimplementatiorof the Multiple-Error LMS usedfor theexperimentdescribedn Sec-
tion VI.D usesa plant model of order30 anda filter orderof 10. Therefore,an estimateof the

numberof operationsvould be

N{ME—LMS} ~ NNoPQ(2Mas +Ss+M; +S)

Q

10,800(2Ma +St+Ms +S;) . (5.10)

Not desiringto enterinto the detailsof the CPU usedin the experiment,it is assumedhat
the CPU takes only one cycle to perform eachof the computedmeasures.Therefore,the total

numberof CPUcyclesneededy the algorithmfor eachiterationis
N{ME — LMS} ~ NiN,Q? (2+ 1+ 1+ 1) = 54,000. (5.11)

Sincethe samplingrate usedby the algorithmsin the Ultra-QuietPlatformareis 1KHz,
that meansthat the CPU would needto executemore than’54108 instructionsper secondwhich
givesan estimateof the clock needed.The actualspeedneededwill alsodependon the compiler
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optimization,onthecodeimplementatiorandon otheractvitiesthattheprocessomaybeexecuting

in parallel(1/0O, D/A corversions A/D corversionsfiltering, context switching,etc).
Themicrocontrollerdescribedn the previous sectioncanexecuteeachinstructionin 33ns

or about310’ instructiongpersecond Thereforethis microcontrollercannotbe usedto implement

the Multiple-Error LMS onahexapodif P > 30andQ > 10.

1 Memory Requirements

An estimateof the algorithm memoryrequirementss very importantto decidewethera
particularhardwaresetupcanbeusedfor implementatioror not. For microcontrollersthis estimate
indicatesif the controllerwill fit in the on-chip memoryor not. For more complex CPUs, this
guantity is importantto verify if the applicationcanfit in the cachememory(much fasterthan
corventionalmemory).

Frompreviousdevelopmentst is clearthatthe Multiple-Error LMS cannotbeimplemented
in alow-power CPU. Sincea full-fledgedprocessois neededpnewith alarge on-chipcachecould
be selectedandideally all the codeand datawould run from the cacheand the speedwould be
improvedby alargefactor

The biggestportionsof RAM memoryrequiredby the Multiple-Error LMS methodare
usedto hold the planttransferfunction estimateH andtheweightW. Thus,the numberof values

to bestoredis

men, = (P+ 1) NiNo, (5.12)

astheplanthasorderP anddimensions\; x No.

Similarly, theweightmatrix W demands

memy = QN,. (5.13)
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The total memoryrequiredfor a Multiple-Error LMS controlleris approximatelythe sum

of thememoryneededor the estimateof the plantandweights

memveLms = Ni(Q+ (P+ 1)No). (5.14)

Thenumberof elementgo be storedfor the hexapodexampleis approximately

memsas 6 x (10+ (30+ 1) x 6) = 1,476. (5.15)

The total memoryis about6Kbytes(4 bytes/float). This is not a very large amountand
might possiblyfit in the cacheof the CPU (if oneis present)If thecodesizecanbekeptto asmall
reasonablamount(a few kilobytes),thenthe whole codeanddatacouldrun off the cacheandthe

speedyainswould be substantial.

D. ADAPTIVE DISTURBANCE CANCELLER

Cost estimationfor the Adaptive DisturbanceCancelleris much easierthan that of the
Multiple-Error LMS approachAs in the previous section the computatiorstartsby evaluatingthe

inputto the plantusing

N{u[n]} = N{a[n]cogwn)+ b[n]sin(uwxn)}
= N{a[n]cos(wn)}+N{b[n|sin(wen)} + 1S  — 2Mar — 1M
= 2(2Mf +Tranc+3MaIr)+le—2Ma1r — 1M

= 3M + 2Tranc+ 4Myr + 1S+, (5.16)

wherea[n] andb[n] arethe weightsof thecontroller
Pleasenotethatthetime neededo fetchthevariableso thememorywasaddedasa matrix
operationwhichis logical for multiple-frequeng anddistributedimplementations.

83



Theweightupdateequationcostcanbe computedas

N{a[n+ 1} +N{b[n+1} = N{a[n]+pe[n] cogoxun)} +
N{b[r] + pefn sin(cun) } — (commonpart
= 2N{a[n] + preln coun)} — 4Mar — 2V
= —2Ms — 2Mr + 2S¢ + 2N{pe[n| cogwgn) }
= —2Mj — 2Mg + 251+ 2(3Mt + 1Ty anc+ 4My )

= 4Mf + 2Tyanc+ 6Metr + 2S+. (5.17)
By summingvaluesfrom Equation(5.16)andEquation(5.17),the costis

N{ADC} — Mf + 2Tranc+ 6MIaIr + 2Sf + 3Mf + 2’]Tranc+ 4Ma[r + le

= 4AMy + 4T anc+ 10May + 3S+. (5.18)

Transcendentdlinctionsarevery costly andit is reasonabléo computeandstorethemfor
usein both partsof the algorithm. Ideally, thesevaluesmay be storedin registers. However, the

worstcasejn whichthevaluesarestoredin corventionalmemory wasassumedThus,

NotethatN{ADC} maybehalvedwhentheprocessousedto implementhealgorithmhas
alarge numberof registersor temporaryariablesarecarefullyarranged.
Now, thenumberof computationsequired assumingdN. controllersrunningin paralleland

Nt frequenciedo becontrolled,is
N{ADC}\ n, = NcNt(4Mf + 2Tranc+ 14Mar + 3S+). (5.20)

It is importantto realizethat the above estimatedid not assumehe codeto be optimized,
andtheactualcostestimatecanbe improved by saving temporaryresults.
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Theactualcountobtainedfor a hexapodcasecontrolling controllingsix frequenciegthree

fundamentalaindthreeharmonics)s:
N{ADC}QG = 36(4Mf + 2’]rranc+ 14Malr + 3Sf) . (521)

Sine/cosindunctionscanbe evaluatedby usinga seriesexpansionor atablelook-upif the
CPU doesnot have themimplementedn hardvare. The seriesexpansionwould take around300
cycles(= 20 terms)if eachoperationcould be performedin onecycle. Sincetheimplementation

only needsl2 suchexpansiongercycle, the numberof operationsvould be

N{ADC}gg ~ 36 (4-+14+3)+300x 12

4,356. (5.22)

Q

Thus,thetotal time would be approximatelyl44uswhenthe CPU mentionedn Table5.1
(p. 76)is used.Notethatthe calculationof the transcendentdunctionevaluationis responsibldor
mostof thistime (82%). A tablelook-upwould easilyreduceiime to amuchmorereasonablealue

(lessthan10Qu9 atthecostof addedmemory

1 Memory Requirements

TheAdaptive DisturbanceCancellercontrollerrequiresverylittle memory asonly six vari-
ablesneedto be storedand someof thesecan be sharedamongdifferent controllers. The total

numberof variablesneededs

memy, Ny = ANiN¢ + N¢ + 1. (5.23)

Thereforethe previous examplewould need151 floating-pointvalues,or about604 bytes.
Almost ary microcontrollerthatis fastenoughto implementthe Adaptive DisturbanceCanceller
will have thatamountof RAM embeddedn thechip.
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E. COMPARISON AND COMMENTS

In someways,comparingthe computationahndmemoryrequirement®f bothalgorithms
is notreasonablesincebothstartfrom differenthypothesesThe Multiple-Error LMS approactre-
quiresbothareferencesignalanda completemodelof theplanttransferfunctionwhereashe Adap-
tive DisturbanceCancellerequiregheknowledgeof thedisturbancdrequeng, noreferencesignal
and an approximatemodel of the transferfunction only at the frequencief interest. Although
thereis someoverlap,eachmethodhasdifferentstrengthsin addition,notethatthe Multiple-Error
LMS methodmostcertainlyneedsa full computingsystemto beimplementedn realtime, which
meansaddingmemorychips, interruptcontrollers,A/D andD/A converters,timers, considerable
spaceand much electricalpower. Furthermore the costincreasedinearly with the plant model
andthe orderof thefilter, and,asaresult,comple systemgequiremuchmorecomputationghan
simplerones.

Ontheotherextremeis the Adaptive DisturbanceCancellerfor which, in thestudiedexam-
ple, only 4,5000perationgeriteration (726 operationger assignedrequeny) and 151 variables
areneededor thesix actuatorsontrollingsix frequenciegachwith emulatedsin/coscalculations.
The Adaptive DisturbanceCancelleris alsovery scalable:the compleity increasedinearly with
the numberof frequenciego be controlled,but remainsconstanwith the plantorder

It is worth mentioningherethat a full Adaptive DisturbanceCancellersolutioncould be
implementedor a hexapodwith only afew chips: a microcontroller(which would includetimers,
A/D corverters,D/A corverters,watchdogjnterruptmanagerserialcommunicationgetc)andana-
log anti-aliasindfilters. Paver consumptiorwould be quitelow: mostlikely belov 1W. Finally, the

whole controllerwould be smallenoughto be mountedn the emptyspacebetweerthe actuators.
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Quantity Expression
Comp.Cost
ADC NcNf (Mt + 2Ty anc+ 14Mar + 3S+)

ME-LMS | NiNoPQ(2Ma + St + Mg +S))

Mem. Req.

ADC 4ANiN¢ +N¢ + 1

ME-LMS | Ni(Q+ (P+ 1)N,)

Table5.2. ComputationalCostandMemory RequiremenEstimates.

Quantity

Adaptive DisturbanceCanceller Multiple-Error LMS

Cost/iteration

Memoryestimate

4,356 54,000

=~ 604 bytes > 6,000bytes

Numberof Frequenciesthree,oneharmoniceach

Numberof Inputs: six
Numberof Outputs:six
Oneoperatiory cycle
Floating-pointamplementedsfloats

Table5.3. Adaptive DisturbanceCancellerx Multiple-Error LMS.
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VI. EXPERIMENTAL RESULTS

A. OVERVIEW

This chapterdescribeghe implementationof the Adaptive DisturbanceCancelleron the
two hexapodsdescribedn Chapterl (p. 9).

SectionB givesanoverviev of someof thechallenge$acedwhensolvingthevibrationiso-
lation problemusingthe PrecisionPointingHexapod. Thesechallengesangedfrom inappropriate
designto hardwarefailure.

SectionC describedhe resultson the PrecisionPointing Hexapod,which exhibits strong
nonlinearities. Experimentshav thatthe Adaptive DisturbanceCancelleralgorithmandthe hexa-
pod configurationare not sensitve to the vibration axis. This indicatesthat the hexapodandthe
Adaptive DisturbanceCancellerareadequatdor a generic off-the-shelfvibrationisolationmount.

The Ultra-Quiet Platform was specifically designedfor vibration isolation and thus has
betterlinearity propertiegshanthe PrecisionPointingHexapod,makingit a bettertestbedfor com-

parisonwith the Multiple-Error LMS. SectionD (p. 104) presentsheresultsof this comparison.

B. EXPERIMENTAL CHALLENGES

This researctwasto be developedentirely on the PrecisionPointingHexapod,which had
not yet beendeliveredwhenthe researctstarted. Oncedelivered,several testswere conductedo
verify its behaior andalsoto validatethe mathematicamodelthathadbeendevelopedprior to the

availability of the hardware.
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The very first experimentconsistedn exciting the bouncemode,in which all the actua-
tors were excited with the samesinewave. The output of eachaccelerometewas then sentto
an oscilloscopeandto a spectrumanalyzer The first and mostimportantconclusionwasthatthe
systemexhibited severenonlinearity Harmonicsup to 2.4KHz wereobsered whentheinput sig-
nal containedonly a 50Hz sinusoidalsampledat 1IKHz The experimentwasrepeatedvith a5Hz
sinuwave andtheresultswerenot assevere. The first experimentwasrelevantfrom the vibration-
isolationperspectie andthe secondexperimentwasimportantfor positioncontrol (pointing). The
next experimentgestedthe shaler. The suppliedshaler wasa 25V ceramicshaler with frequenyg

respons@eakat42Hz Theusefulrangewasbetweerl0and100Hz

Realizingpotentialproblemswith aliasing, the first experimentswere madeusing lower
frequencieg10H2) in orderto have all harmonicsbelov 500Hz Largertravel of theactuatorsvas
neededht theselower frequenciesn orderto obtainan acceleratiorarge enoughto obtaina good
SNR.As aresult,theshaler requiredmorepower andoperatedrery closelyto its 25W specification
atthelower andof thefrequeng range(10Hz). Exciting the shaler at suchpower levelsincreased

its own nonlinearityeffects.

The designof the hexapod,asdelivered,hadthe accelerometeasa structuralpart of the
strut,asshavn in Figure6.1. In this design,the full force actingon the strutpassedhroughthe

caseof theaccelerometer

While runningthefirst experimentglow frequeng dueto aliasingproblems)thealgorithm
sometimedecameunstableandthe actuatorshit their limit (40N eachactuator). Turning off the
controllermanuallywas not an option becausét wasimplementedn software andthusit failed
whenthe softwareenteredan unresponsie state.Disablingthe power supplyof theactuatorsnan-

ually wasnoteasybecausegheswitchis locatedbehindthe powveramplifier Evenif theaccessvere
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Adapter

Figure6.1. Old AccelerometeAdapter

easierit still dependson a fastresponséy the operator Due to the original design,the force of
theimpactwastransmittedhroughthe caseof the accelerometerandtwo of themendedup being

damaged.

Sincetwo accelerometerserealreadydamagedall experimentswverehalteduntil the de-
signflaw wascorrected.Thiswasdoneby redesigninghe adaptersothattheaccelerometersere
inline with the strutaxisbut no force wastransmittedhoughits case. The new adapterafterbeing

assembleds shavn in Figure2.7.

Although damagingthe accelerometergvas no longer a concern,preventing damageto

othercomponent# thecontrollerbecamaunstablevasstill aconcern.Therangeof theaccelerom
eterswas=2g or 0.5 to 4.5V, assuminghominalsensitvity. It wasthenassumedhatif thevoltage
fell outsidethe rangeof the accelerometethenanunsafeconditionoccurredandpreventive action
hadto be taken. The actionselectedvasto curtail pover from both the actuatorsandthe shaler.
In orderto do that, a circuit wasdesignedo monitor the outputof one of the accelerometersA
window testedthe voltageandcut the power supplyof the actuatorsandthe shaler if the voltage
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wasbeyond safelimits. The power could only be restoredby pressinghe resetswitch. A manual
panicbuttonwasalsoincludedandhadthesameeffectasif theaccelerometes’outputwerebeyond

acceptabldimits.

Although this circuitry preventeddamageto the experimentalhardware, it still did not
solve the aliasingproblems.Additional hardwarefilters wereneeded Among the several options,
switchedcapacitorfilters were selected. Thesefilters requireonly two capacitorsand one inte-
gratedcircuit. Thecutof frequeng couldbeselectedy anexternaloscillator Switched-capacitors

anti-aliasindfilters wereimplementedor all accelerometers.

Oncethesafetydevice andanti-aliasindilterswereimplementedseveralexperimentsvere
conductedIn orderto generatacceleratioevelshigh enoughfor agoodSNR,theshaler hadto be
drivenvery closelyto its power dissipationimits. To solve this problem,eitherthe accelerometers
or the shaler hadto be changed.Therefore the shaler wasreplacedby alarger model50N. This

reducedoththe overheatingandthe shaler nonlinearities.

Thenext importantconsideratiorwastheball joint clearanceThe manugcturerstatedthat
the clearancavasaround2 — 4umfor eachjoint. Fromthe simulationsandexperimentalresultsit
wasdeterminedhat the amplitudeof the vibration wasin the orderof 20— 50um Therefore the
joint clearancavasfoundto bethe next problemto be addressedThe bestsolutionwasto replace

theball joints by flextures.Anotheroptionwasto preloadthejoints.

Sincepreloadingthe joints wasfasterandlessexpensve, it wasthe approacHirst tested.
All jointswerepreloadedndtheexperimentgepeatedSereralexperimentdor which corvergence
wasnot achieved previously did corverge after preloadingthe joints. This wasthe final setupfor
theexperimentsonductedn thisresearch.
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C. PRECISION POINTING HEXAPOD

The hardware setupis thatdetailedin Sectionll.C (p. 15). The only modificationwasthe
preloadingof the joints with springs,in orderto reducethe backlashpresentin the joints (around
3umperjoint, accordingto CSA). A sinusoidakignalof 50Hz wassentin phaseandwith thesame
amplitudeto all actuatorgo evaluatethe effect of this backlash.The power spectrunmdensityof the
accelerometershaved lines at 50H z intenvals until around2.4KHz The solutionwasto preload
the joints with springs. Unfortunately this introducedaxial forceson the actuatorsaxis which,
accordingo Moltran, creatednorestaticfriction.

The controller box was implementedexactly as definedin the equationsgiven in Sec-
tionIV.C (p.46). Theparametepwascoarselhtunedfor eachfrequeng beingcontrolled.Adaptive
DisturbanceCancellercontrollerswereimplementedn parallelandthe outputssummedn orderto
controlmorethanonefrequeng.

Severaldifferentmodesof vibrationweretestedn orderto evaluatethealgorithmsensitv-

ity. Thedefinitionof themodess shavn in Figure4.12(pg. 63).

1. Along Z-Axis

In this experimentthe shaler was mounteddirectly underthe bottomplate, at the center
Thevibrationaxiswascoincidentwith the z-axis.

Thefirst casestudiedwasthe singletonal, at 40Hz. Harmonicsdueto nonlinearitiesvere
presenton the error signal. The resultsobtainedbeforeandafter the controllerare shavn in Fig-
ure 6.2. As canbe seen,the controllerdid suppresshe controlledfrequeng (40H2), but the vi-
brationat the harmonics(80 and 12(H2z) wereincreased.The floor noiseremainedunalteredas

expected.
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Figure6.3 shawvs the resultswhen40 and80H z frequenciesverecontrolled. As expected,
the component®f the error signalat both frequenciesverereducedto the noisefloor. Note that
the seconcharmonic(120H z) increasedip to about30dB, asit wasnot controlled. This effectwas

specificallydueto the nonlinearitiesof the hexapod.

2. Tilt-Tip

Anotherinterestingconfigurationwasthetilt-tip asit wassimpleto understandhe move-
mentandthedisplacemenof theactuatorsTheshaler wasmountedwith thevibrationaxisparallel
with the z-axis,with its centerlocatedon the x-y plane. This configurationdid not involve transla-

tional movement.

Figure6.4 shavs resultsfor a singletonein which the selectedrequeng (40H2) wassup-
pressedNotethatthestaticfriction is believed to beresponsibldor theincreaseon the harmonics.
As expectedtherewasno significantchangen the noisefloor.

Next, the systemwas setupto control disturbancest 39Hz and40Hz As expected,the
controllerneededh longertime to corverge. Anotherimportantfinding wasthat the strongstatic
friction exhibited by the actuatorsgeneratedseveral harmonicsmultiple of 1Hz, which wasthe
differencebetweernthe two frequencies.The two assignedrequenciesvere actually suppressed,

but theenegy levelsonthe uncontrollecharmonicsvereincreasedFigure6.5).

3. Twist and Shear

In this experimentthe shaler was mountedwith its centeron the x-y plane,with the vi-
bration axis perpendiculatto it. This mainly excited the twist mode. The results,presentedn

Figures6.6and6.7,wereasexpected.
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For the last experiment,shearmode, the shaler was mountedon the x-y plane,with the
vibration axis along the vector X+ y, whereX andy are definedaccordingto Figure 2.1. This
inducesatranslationamovementto the hexapod(muchmorecomple thana translationalongthe

z-axis). Theresultsshavn in Figures6.8 and6.9wereagainasexpected.

4, Comments

It is very importantthatthe algorithm performsreasonablywell in mostcasesjn spite of
all nonlinearitiesexhibited by the PrecisionPointingHexapod. It is alsoimportantto mentionthat
the sensorsusedin this hexapodhada very wide range+2g, andthusthe disturbancdevel hadto
be quitelargein orderto excite theaccelerometers.

Anotherveryinterestingconclusions thatthehexapodwasquiteinsensitve to thevibration
type (linear/angularanddirection. The experimentssubjectedhe hexapodto disturbancesrom
severaldirections. The performanceof the controllerin all caseshavedthatthe Stevart Platform

is indeeda goodconfigurationfor a genericvibration-isolatiormount.
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D. COMPARING THE PRECISION POINTING HEXAPOD TO

THE MULTIPLE-ERROR LMS

It is veryimportantto compareheresultsobtainedvith the Adaptive DisturbanceCanceller
to thoseobtainedwith the Multiple-Error LMS algorithm,andthe samehardware mustbe usedin
orderto performafair comparisonTheUltra-QuietPlatform,describedn Sectionll.B (p. 10),was

selectedbecausdt exhibits betterlinearity propertiegshanthe PrecisionPointingHexapod.

1. Results

First,anexperimentwassetup with asingletoneat95Hz in orderto verify the Ultra-Quiet
Platformcharacteristiceandhow well the Adaptive DisturbanceCancellerperformed.The results
of this experimentareshavn in Figure6.10. As canbe seenthe harmonicsvereamplified,but the
desiredrequeng waseffectively suppressed-igure6.10(b)shavs thatthecontrollerdid notaffect

otherfrequencie®therthantheassigneane.

Next, a secondexperimentwasconductedn which five disturbance$65, 95,125,130and
199 2) wereto becontrolledto verify thebehaior of thecontrollerunderamorecomple situation.
LMS-basedilters do not performwell undertheseconditions[15]. As canbeseenin Figure6.11,
the Adaptive DisturbanceCancellemwasableto suppressall the assignedlisturbancesuccessfully
It canalsobeseerthattheerrorsignalfor theuncontrolledccaseshaws frequeng contentsotherthan
the five tones. Thesearebelieved to be a consequencef the cross-couplingamongthe different
frequenciesdueto nonlinearities. This effect wasnot obsered in the linear simulationsandwas

obseredin the simulationsusingthe PrecisionPointingHexapodmodel.
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Having verified that the performanceof the Adaptive DisturbanceCancelleron the Ultra-
QuietPlatformwaswithin the expectedparametersa seriesof experimentsvereconductedn order
to comparethe Adaptive DisturbanceCancellermethodwith the Multiple-Error LMS.

Oneimportantcharacteristiof the Multiple-Error LMS is the requiremenbof a reference
signal. This signalis usedboth to generatethe estimateof the signalr [n] andto generatethe
input to the plantthroughthefilter W. It is expectedtherefore thata noisyreferencewill degrade
significantlythe performancef LMS-basedmethods With this informationin mindthe ME-LMS
experimentsvereperformedwith both noisy andnoiselesgeferencesignals(SNR betweer21 and
25dB).

The first set of experimentshad a disturbancewith a single tone at 95Hz. As seenin

Figure 6.12, both the Adaptive DisturbanceCancellerandthe noiselessMultiple-Error LMS had
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almostthe sameperformanceover the entire spectrum. It was expectedthat the noisy Multiple-
Error LMS would not performaswell, andthis wasconfirmedin the experiment. The noisefloor
wassignificantlyraisedat higherfrequenciessignalingthatthe Multiple-Error LMS doesrequirea
cleanreferencesignalin orderto performwell.

The secondexperimentconsideredhe sumof two closesinusoidalg95 and96H2z). Ade-
guatelyisolatingclosely-spacetbnesis very importantfor large structures The beatingfrequenyg
is very smallandstructuralnonlinearitiewill demodulatéhis low-frequeng. Sincemoststructural
modesare at low frequenciesthis can compromisethe goal of the vibration isolation. As seen
in Figure6.13, neitherof the methodswvasableto suppresdoth disturbancesompletely andthe
Adaptie DisturbanceCancellethadthe worstperformanceOneof the explanationdor the poorer
performancef the Adaptive DisturbanceCancellemwasthetuningof thelearningcoeficient. The
coeficientwascoarselytunedandwasnot optimizedfor ary particulardisturbancesonfiguration.

Another important fact that the experimentuncovered was that the floor noise of the
Multiple-Error LMS with noisyreferencavasabout20— 35dB above thenoisefloor of the Adaptive
DisturbanceCancellerandthe Multiple-Error LMS with noiselesseference.

The last experimentsetcomparedooth the Adaptive DisturbanceCancellerandthe noisy
Multiple-Error LMS whencontrollingthreefrequenciesAs seenbefore,the Adaptive Disturbance
Cancellerintroducedseveral peaksin the power spectrumof the error dueto cross-couplingntro-
ducedby nonlinearities.Figure 6.14 shavs thatthe Adaptive DisturbanceCancellerdid introduce
severaltermsdueto cross-couplingsomeabout10— 20dB above the noisefloor. The noisefloor
wasalsoraisedby 5— 10dB comparedo the uncontrollederror Althoughbothmethodsvereable
to suppresshedisturbanceghewide-bandnoiseintroducedby the Multiple-Error LMS with noisy

referenceangedrom 20 to 40dB.
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2. Comments

As seenfrom the plots, the Adaptive DisturbanceCancellerperformancds very similar
to the performanceof the Multiple-Error LMS with noiselesseference Whennoisewasinjected
in the disturbance-cortated signal, the Multiple-Error LMS performancesuffered significantly:
althoughthe actual disturbancesvere suppressedihe noisefloor was raisedconsiderably The
Adaptive DisturbanceCancellemwasnotaffectedby thisbehaior becaus¢heinformationaboutthe
disturbancdfrequeng) is assumedo be known a priori andthusthereferencecanbe synthetized
without noiseinterference.

Anothervery importantfact was cross-couplingdue to nonlinearitiesamongthe several
frequenciewerified in the experimentwhenseveral frequenciesvereinvolved. Although this ef-
fect wasfirst noticedusing the Adaptive DisturbanceCanceller it also occurredin the noiseless
Multiple-Error LMS. The mostimportantconsequences the inability of the studiedmethodsto
dealwith several simultaneoudrequencieqseenin the experimentshavn in Figure 6.15). This
meansthat the mosteffective vibration-isolationapproachis to isolatethe vibration at its source,

wherefewer frequenciesirepresentandthusactie vibrationisolationis moreeffective.
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VII. SUMMARY AND CONCLUSIONS

Thenew generatiorof optical payloadamposesstricterrequirement®n the vibration lev-
els,challenginghedesignersThesehigherstandardsnale it very difficult to meettherequirements
usingonly passie isolationandthusactie solutionshave beenpursued.The Stevart Platformis
identifiedin theliteratureasthe mostpromisingsystentor local vibrationisolation,asit cangener
ateforcesandtorquesn ary direction. As addedbonuseshexapodsexhibit very goodstiffnessand
high force-to-weightratio. Finally, hexapodscanalsobe usedto provide fine pointing capabilityto

the payloadif theactuatorsarecapableof long stroles.

Several techniquedor vibration isolation have beendevelopedsince 1981 when Widrow
and Burgesspresentedhe original Filtered-X LMS, but the researcthof vibration isolation using
hexapodsncrease@ppreciablyonly afterthefirst half of the 19905 whenfasterDSPchipsbecame
available.Unfortunatelytheconditionsin spacearenotasforgiving asontheground:weight,space
andelectricalpower arestrictly limited. Therefore althoughseveralvibrationisolationtechniques
are available, the computationaresourcesequiredlimit their employment on currentspacecraft

designs.

In 1998BertranandMontoro presentec very simplealgorithmcapableof performingvi-
brationisolationon SISOsystemsTakingadwantageof thefactthatthe hexapodsusedin vibration
isolation use smartstruts, eachstrut can be viewed as a SISO system,and thereforethis simple
methodcanbe emplg/ed on hexapods. The algorithmis inexpensve enoughto be implemented
with only asmallfractionof thecomputationatequirementsf thedefactostandardvultiple-Error
LMS. A deepereview of theliteraturerevealedalack of a stability analysisfor this simplermethod
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thattakesinto accounta genericplant. An analysisof the influenceof non-controlledrequencies

onthe performancef thealgorithmwasalsomissing.

It wasnot known initially if the algorithmwould work properlyon a hexapoddueto the
strongcoupling amongthe struts. Therefore,it wasimportantto simulatethe hexapodin order
to evaluatethe Adaptive DisturbanceCancellerin a controlledervironment. Due to the unique
characteristicef the PrecisionPointing Hexapod,an appropriatanodelcould not be foundin the
researchandthereforea suitablemodelwasderived. The modeltakesinto accountall geometric

nonlinearitiessothatit canalsobe usedfor pointing.

The Multiple-Error LMS is useda asreferencehroughoutthe work dueto its acceptance
andgoodperformance The Multiple-Error LMS algorithmwasre-derved andthe resultingequa-
tions usedfor the computationalrequirement®stimation. So that the Adaptive DisturbanceCan-
cellercould be appliedin spacecrafta rigorousanalysisof stability was provided anda guideline

for thelearning coeficient p selectionwasalsoincluded.

Resultsshav the methodto be very selectve and not to affect the error at frequencies
unassignedo the controller As a result, the actuatorsdo not needto be oversizedto prevent

saturationasis thecasewith the Multiple-Error LMS andothermethodghatuseareferencesignal.

Simulationson a SISOplantwereconductedo validatemathematicatesultsandconfirm
thealgorithmhigh selectvity. Simulationswerealsoconductecn the PrecisionPointingHexapod
modelto verify theinfluenceof the coupling. Resultsshav thatthe couplingdid not compromise

the performancef the controllersignificantly

A full setof experimentswasconductecon bothhexapods.The PrecisionPointingHexa-
pod, dueto its ball joints, exhibited large nonlinearities. Despitethe severe nonlinearities,the
methoddid cancelthe assignedrequenciesalthoughthe amplitudeof the unassignedharmonics
increased.
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Experimenton the Ultra-QuietPlatformwererequiredto comparethe resultsagainsthe
Multiple-Error LMS algorithm. The proposedmethodhasapproximatelythe sameperformance
of the Multiple-Error LMS algorithmwhenno noiseis presenion the referencesignal. However,
Multiple-Error LMS performancewas significantly degraded,generatingwide-bandnoiseon the
errorsignalwhennoiseis presenbnthereferencesignal. The Adaptive DisturbanceCancellerdoes

not suffer from this problembecaus@o referencesignalis used.

The Ultra-QuietPlatformwashbuilt for vibration isolationandcloseattentionwas paid to
linearity Even so, multiple-frequeng experimentsshaved that both methodssuffered from the
nonlineareffects,generatingseseral harmonics.The effect is moredramaticin the Multiple-Error
LMS implementatiorwhennoiseis presenin thereferencesignal,increasinghe noisefloor of the
error signal at higher frequencieBoth methodswere able to cancelthe disturbancegven in the

presencef nonlinearities.

Finally, computationatostsfor theMultiple-Error LMS andthe Adaptive DisturbanceCan-
cellermethodswere computedand compared.Traditional costanalysisusesfloating-pointopera-
tionscount,but recentadwvancesn microelectronicslecreasethe costof theseoperationsandother
operationsnustalsobe counted Additionally, memoryrequirement$or both methodsvereevalu-
ated providing thedesignemwith somevaluableinformationwhenselectinghehardwareto beused
for implementationThe computationatostrequiredby the Adaptive DisturbanceCancellercanbe
smallerthanonetenthof the Multiple-Error LMS requirementandsimilar resultsareobtainedfor

thememoryrequirements.
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A. CONTRIBUTIONS

One of the main contrilutions of this work is the approachfrom the computationaleffi-
cieng perspectie. Although muchresearchhasbeendoneon vibration isolation, no work that

focusedon computationakfficiengy wasavailable previously:.

Researctshaved that the methodselectedacked a stability analysisfor a genericplant,
anda stability analysiswasderived. In addition,a guidelinefor the adaptatiorrate 1 selectionwas

presented.

In addition,thiswork providesananalysisof crosstalkinterferencepredictingtheinfluence

of uncontrolledrequencieswhich hasnot beenaddressedly the researcltommunityuntil now.

A fully nonlinearstate-spacenodelsuitablefor vibration andpositionsimulationof large
andsmall angleswasdevelopedfor the PrecisionPointingHexapod. This modelshareghe large
anglescharacteristicoundin theroboticsliterature,without the restrictionof smallaccelerations
andis suitedfor the geometryof the PrecisionPointing Hexapod. The modelsof the actuators
accelerometersvere includedin the model, allowing it to be usedas a tool for simulationand

control.

Eventhoughsimulationswereusedin orderto betterunderstandhe method,all the theo-
retical resultswerevalidatedexperimentally The experimentson the PrecisionPointingHexapod
revealedtherobustnes®of the methodto nonlinearities.Theseexperimentsalsoreinforcedthe fact
thatthe methodis robustto sensomoise,consistentlyachieving suppressiotevel belov the noise

floor.

A performanceomparisorwith the Multiple-Error LMS algorithmwasconductedinclud-

ing caseswith noisy referencewhich substantiallydegradedthe behaior. It wasexperimentally
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shavn thatthe Adaptive DisturbanceCancellerdelivers performanceeomparableo the Multiple-
Error LMS in the optimal caseof noiselesseferencesignal.If the Multiple-Error LMS usesanoisy
referencesignal,its performances degradedandthe Adaptive DisturbanceCancelleroffers better

results.

Finally, the computationalequirementsnalysisof both the Multiple-Error LMS andthe
Adaptie DisturbanceCancellermethodswere included. This analysisrevealedthat the simpler
Adaptive DisturbanceCancellercan deliver at leastthe sameperformanceof referencemethod

using1/10 or lessof the computationatesourcesvhenthefrequeng informationis available.

B. SUGGESTIONSFOR FUTURE RESEARCH

Improving on the Adaptive DisturbanceCancelleris not as easyasit might seem,since
performancemprovementmustbe carefully balancedagainstsimplicity. The main researctob-
jective wasto have the simplestvibration suppressopossible andimprovementanight easilyadd

compl«ity thatwill defeatthemaingoal.

TheAdaptive DisturbanceCancellethastwo mainweaknessegheneedfor preciseknowl-
edgeof the frequeny anda frequeng-dependenlearningrate (1). The first issuecanor cannot
berelevantin practicalsituations.Several subsystemgprovide asoutputstheir frequeng or operate
atafixed, known, frequeng; othersdo not. If thefrequeng is not readily available,the next best
solutionwould be to measurehe frequeng directly, but this is not always possible. Again. two
alternatves canbe usedwhenthe frequeng informationis not available and cannotbe measured
directly: 1) estimatethe frequeng or 2) adaptthe algorithmto track the disturbance. The first
optionrequiressignificantcomputationatesourceso beimplementedvith goodprecisionandin-
troducedelay whichimpairstheresponsef the controllerto changingdisturbancesk-or this class
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of problems,usinganalgorithmthat cantrack the frequeng by itself is highly important. This is
oneof the majorareasfor improvementin this method,andalthoughmuchtime for this research
wasdedicatedo solvingthis particularproblem,no acceptableolutionwasachieved.
Theothermainproblemis the selectionof thelearningrate. Thealgorithm,aspresentedn
thisresearchusesa differentlearningratefor eachfrequeng. Althoughtheactualvalueof pis not
critical, it is moreinterestingto usea singlevalueof u for all frequenciesln orderto do that,the
transferfunction of the plantat the assignedrequeng mustbe eitherknown or estimatecbnline.
Thisinformationcouldbe usedin severalwaysto improve the methods characteristicsAssuming
thatthe plant’s characteristicehangeslowly, this estimationdoesnot needto usemuchcomputing
power requirementsalthoughthememoryrequirementsvill certainlyincreaseappreciably
Finally, the mathematicaimodel could also be improved. The useof quaternionsvould
malke its computatiorfasterandimprove its usability Staticfriction shouldalsobeincludedin the

modelof theaccelerometersyhich would provide morerealisticsimulationsat lower frequencies.
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